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GUIDE TO THE NEW BOOK OF POPULAR 
SCIENCE 


Astronauts blast to the moon and bring back samples from an- 
other world; one person's heart beats in another's body; newspapers 
report work on creating new forms of life in a test tube... These are 
just some of the most startling of the advances in science that have 
excited people in the last few decades. Is nature now under human 
control? The first rumblings of an earthquake, the appearance of a 
new island where only ocean was visible, the discovery of a hitherto 
unknown form of life deep in the dark and unfavorable ocean abyss- 
es answer that question, once again revealing the power and mys- 
tery of nature. 

The 12 sections of which THE NEW BOOK OF POPULAR SCI- 
ENCE consists present the major fields of science and discuss their 
applications in the world of today. The section Astronomy & Space 
Science, for example, explores people's long fascination with the 
heavens, explains what we have learned through the centuries, and 
discusses how this knowledge and the quest for more has led to the 
exciting age of manned space exploration. The section on Earth 
Science and the closely related Energy and Environmental Sciences 
sections take us on a tour of our home base, probe how its vast 
energy is being and can be used, and describe how nature and peo- 
ple both work to change the earth. 

The arrangement of articles in each section provides, as far as 
possible, a logical, step-by-step presentation of the subject matter in 
a particular field. Each article, however, constitutes a unit in itself 
and can be read as such. The articles are essay length, providing a 
well-rounded introduction to a particular topic. Subheads and side- 
heads within the text of each article help give the reader a quick and 
concise overall view of the article's contents. The metric system of 
measurement, long used by scientists throughout the world, is used 
throughout THE NEW BOOK OF POPULAR SCIENCE. 

Illustrations are a very important part of THE NEW BOOK OF 
POPULAR SCIENCE. Plentiful and beautiful color photographs and 
artwork as well as black-and-white illustrations make THE NEW 
BOOK OF POPULAR SCIENCE a very attractive set that invites you to 
wander through its pages. A description of a solar flare is made real 
when you see the striking yellow and red outbursts from the solar 
disk. The entire story of the exploration of the moon comes alive as 
you see the astronauts on the moon, gathering and examining lunar 
rocks. Complex concepts in chemistry and physics become simple 
and the human body reveals its marvelous organization through 
clear diagrams. Electron micrographs of viruses and bacteria, under- 
water photographs of deep ocean life, views of animals in their 
natural habitats provide a beautiful panorama of life's diverse forms. 
Throughout, the illustrations complement the text, explaining, ex- 
panding and beautifying it. 

For readers who wish to have additional information on a given 
subject, the editors have provided a bibliography, called Selected 
Readings, at the end of each volume. It contains not only a list of 
informative books but also a brief evaluation of each book that is 
listed so that the reader may have some idea of what it contains. 

An alphabetical index for the six volumes of THE NEW BOOK OF 
POPULAR SCIENCE is given at the end of Volume 6. It enables the 
reader to find easily and quickly specific items of factual information 


in the articles. Instructions for the use of the index are given on its 
first page. The index makes it possible for the reader to obtain the 
fullest possible benefit from the set. 

In the pages that follow, we list the 12 sections of THE NEW 
BOOK OF POPULAR SCIENCE, and we give a brief account of the 
contents of each. 


ASTRONOMY & SPACE SCIENCE Vol. 1 


No area of science has excited the immagination of civilized 
earthlings as much as have astronomy and space science. We dream 
of dodging among stars and through intergalactic systems, of shift- 
ing into hyperspace, and of finding little, green, one-eyed creatures 
at the edge of the universe. At the same time, earth-bound events 
such as the sight of a clear, full moon, or a spectacular orange-and- 
purple sunset still bring out feelings of romance and beauty. 

In the section Astronomy & Space Science, we look at our uni- 
verse and what we know about it. We consider first the face of the 
sky and the ways we have to study the skies. Then we discuss the 
star that we call the sun and the celestial bodies that form the solar 
system. Turning then to other stars, we learn about their composi- 
tion, their brightness, their movements in space. Then we explore 
some of the most mysterious events in space— phenomena such as 
black holes and quasars. Finally we consider how astronauts have 
taken their first steps into space. We look at rockets, at space probes, 
at the problems and successes of manned space exploration, and 
review what we have learned from our visits to the moon. We end 
this section wondering about the possibility of life on other worlds 
and about unidentified flying objects. 


COMPUTERS & MATHEMATICS Vol.1 


Our everyday lives are touched in many ways —sometimes with- 
out our realizing it—by mathematics and computers. We may tend 
to think of mathematics as an esoteric field of science. Yet we also 
use mathematics when we do such simple things as count change or 
measure recipe ingredients or share a restaurant check. We use 
calculators to do mathematics homework or balance checkbooks. 
We depend on computers to provide us with up-to-the-minute 
weather reports, to keep grocery shelves stocked, to keep our home 
fuel tanks filled. Yet often the word computer brings images of 
future robot takeovers and of a dehumanized, push-button society. 
In the section on Computers & Mathematics we learn some of the 
basic facts of these sciences and so learning dispel many of our 
fears. We explore some of the major fields of mathematics: arith- 
metic, algebra, plane and solid geometry, trigonometry, analytic 
geometry, and calculus. We discuss some of the applications of 
mathematics in statistics, probability, and game theory. Then we go 
on to learn about binary numerals and the tool based on the binary 
numeral system — the computer. We learn how to program a compu- 


ter and how to use it. 


EARTH SCIENCES Vol. 2 


The earth is our home and we are, of course, interested in its 
foundations, its landscape, its features, its crust. In the section on 
Earth Science, we examine the earth's crust and some of the ways it 
has formed and is still changing through the action of earthquakes, 
volcanoes, and other agents of the tremendous power within the 
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earth's interior. We look at some crustal features— mountains and 
caves, for example— and piece together theories on how they have 
formed and how they are now working to affect the landscape. Then 
we turn our attention to the protective envelope that surrounds the 
earth —the atmosphere. We study lightning, wind, rain, and other 
atmospheric occurrences before we begin our exploration of the 
earth's third major part: water. Hidden in the ground, coursing 
through rivers, locked in huge oceans with their own life cycles, 
water covers three fourths of the earth's surface. We explore its 
characteristics, its actions, its life. We close this section with a brief 
look at the early history of our home in space. 


ENERGY Vol. 9 


Perhaps the greatest challenge facing us today is the quest for 
sources of energy to power civilization and at the same time preserve 
the earth for future generations. We open the section on Energy by 
taking an overall look at how much and in what ways we use energy, 
at how we now obtain it, and at what our future needs are likely to be. 
Then we explore the major conventional sources of energy: oil, coal, 
and natural gas. Then we turn our attention to some of the more 
exotic sources: geothermal energy and solar energy — heat from the 
earth's interior and directly from the sun. We also discuss nuclear 
energy —both fission and fusion. Is it safe? Will it answer future 
needs for energy? We end the section with a discussion of the way 
in which most of our energy is used— in producing electricity. 


ENVIRONMENTAL SCIENCES Vol. 9 


Will earth be a suitable home for future generations? In the sec- 
tion on Environmental Sciences we examine our total environment, 
or surroundings, and see how the forces of nature and the hand of 
man have changed and are continuing to change the earth. First, 
we examine earth's natural resources — water, wood, minerals — and 
discuss how they can be both used and preserved. Then we see how 
nature's forces— running water and wind, for example — are carving 
the land, changing its face. We next see how human beings— 
through industry, agriculture, transportation, and other activities— 
are changing the earth. We wonder what will be left, and in what 
condition, for future generations. We take some plant and animal 
Species as examples illustrating the role of a changing environment 
and discuss how the existence of some species is threatened and the 
Steps that can be taken to safeguard them and other endangered 
species. We also explore some of the areas now set aside as spe- 
cially protected regions where nature wins and people are allowed 
little or no influence — so-called wilderness areas. 


PHYSICAL SCIENCES Vol. 3 


What do all things—living and nonliving alike—have in com- 
mon? They are all forms of matter —that which occupies space. The 
different forms of matter possess and can be made to possess 
energy. Matter and energy are the twin bases of all things. In the 
Physical Sciences section we study chemistry, ‘the matter science," 
and physics, "the energy science." We explore matter's different 
forms and its basic component— the atom. We see how various ele- 
ments combine to form acids, bases, salts, solutions, and colloids. 


As we turn more particularly to the study of energy in the physics 
subsection, we see how energy is the basis of work and movement. 
We investigate the nature of electricity and its relationship to mag- 
netism. We explore how energy is involved in such phenomena as 
heat, sound, optics, and color. Then we turn to what is probably the 
scientific theory most closely associated with modern science— 
relativity—and try to understand its basic premises and applications. 
We end the section exploring two of matter and energy's most 
intriguing phenomena: the world of plasma, or superhot, energized 
gases; and the world of supercooled, superconducting elements. 


BIOLOGY Vol.3 


What is life? How did it arise and diversify into the countless 
forms it now takes on land, in water, and even in the air? In the 
General Biology section we explore the nature of life. We study its 
simplest and most basic unit—the cell— learning its structure, trac- 
ing the steps of its activities, and marveling at its complexity. We 
consider how living things— small and large alike— develop from a 
single cell and how the many varied organisms have attained their 
present organization through a long series of changes to which we 
give the name evolution. We see how organisms react to their envi- 
ronments and to one another in a particular community and habitat, 
forming a complex and completely interdependent web of life. 
Finally, we see how life forms are classified, or grouped. 


PLANT LIFE Vol. 4 


The plant kingdom includes forms from the tiny diatom visible 
only through a microscope to the mighty redwood trees towering 
over one hundred meters high. In the section on Plant Life we see 
how 'these two seemingly diverse forms are related—how they are 
both plants—and go on to study the characteristics of all plant life. 
We start with the soil, the anchor for all land-dwelling plants, and 
proceed from the simplest plants to the highest forms. We see how 
algae and fungi form an essential part of the cycle of life on earth 
and how ferns, which beautify the earth in dense and luxurious 
growths, begin to show some of the characteristics of higher plants. 
We devote particular attention to the seed plants, the dominant form 
of vegetation on earth. We study their roots, stems, leaves, flowers, 
and fruits. We also consider how various plants adapt to their envi- 
ronments. We end this section with a discussion of some plants of 
particular importance and interest to humans—vegetables, cacti, 


houseplants, and trees. 


ANIMAL LIFE Vol. 4 


The animal kingdom is vast and includes strikingly diverse 
forms—from tiny one-celled protozoans to highly complex mam- 
mals—including people. The section on Animal Life surveys the vast 
panorama of animal life. The story begins with the invertebrates, or 
animals without a backbone: protozoans, sponges, starfish, worms, 
mollusks, lobsters and other crustaceans, spiders, and many types 
of insects. Then comes the backboned animals, or vertebrates: 
fishes, amphibians, snakes, and birds—similar in some ways, yet 
each exhibiting a unique adaptation to a particular way of life. 
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MAMMALS Vol. 5 


In the section on Mammals we explore in somewhat greater 
detail many of the most important mammal groups. We start with two 
highly unusual types of mammals — egg-layers and marsupials. Then 
we discuss the dominant and highly varied placentals — rabbits, 
rodents, aquatic mammals, dogs, bears, weasels, cats large and 
small, hoofed animals—to name just a few. We end the Mammals 
section with a discussion of the primates, the mammal group to 
which we belong. 


HUMAN SCIENCES Vol. 5 


People are similar in many ways to animals and are in fact a part 
of the primate mammal group. Yet people are different from even 
their nearest mammal relatives. In the section on Human Sciences 
we deal with peoples' similarities to other animals and also with 
their differences. We start with a survey of the human body, studying 
its structure and how the various organ systems work. We then con- 
sider what personality is, what emotions are, and how memory 
works. We go on to see the human life cycle — heredity, development, 
growth, decline, and old age. We find that many factors — diet, sleep, 
and exercise— play important roles in our health. We see how a 
person's mind and body interact and how psychological stress can 
affect physical health. We discuss particular problems such as 
alcoholism, smoking, and drug abuse. We also consider a few of the 
particular diseases we commonly encounter allergies, influenza, 
cancer, and arthritis — and end with a brief discussion of organ trans- 
plants and antibiotics, just two of the many advances of modern 
medicine. 


TECHNOLOGY Vol. 6 


It is through advances in technology that most of us are made 
aware of the achievements of science. Technology affects our every- 
day lives, taking the discoveries of science and putting them into 
our homes, offices, factories, and cars. The Technology section be- 
gins with a discussion of some of the major divisions and functions 
of modern engineering. Then we survey some of the oldest applica- 
tions of science—the early technologies in which people found 
materials for their homes and built homes and other buildings. Next 
we explore the field of transportation, tracing the development of 
the automobile, railroad, airplane, and other means of travel. Turn- 
ing our attention to communications, we see how the world of elec- 
tronics has provided us with a wide range of communication 
devices. 

Continuing our look at applied science, we see how the chemi- 
cal industry provides us with a wide range of products, how the use 
of plastics has changed many aspects of our daily lives, how the use 
of ultrasonics, fiber optics, and liquid crystals is affecting and will 
continue to affect our ways of doing things. We see how the develop- 
ment of X rays revolutionized medicine and other fields of science 
and how radiocarbon dating techniques provided us with means of 
dating and piecing together the earth's early history. Finally we turn 
our attention to cybernetics and end by discussing the possibilities 
of automatic self-regulating systems. 
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Some of the most interesting and beautiful objects of the universe are glowing masses 
of dust and gas known as nebulae. Here are two nebulae in the constellation Cygnus. 
Above: the Veil Nebula; at right: the North American Nebula. 


THE STUDY OF THE UNIVERSE 


by Katherine Haramundanis 


When you look up at the sky on a clear 
night, what do you see? Most of the dark 
night sky is dotted with twinkling points 
of light, which we call stars. The moon may 
be in the sky as well— perhaps as a thin 
arc, perhaps as a full circle of light. 

The brightest point of light might be 
the planet Venus, and a reddish one would 
be the planet Mars. Except for the other 
planets, all the other points of light are 
stars. 

Sometimes you can see a faint, glowing 
band across the overhead sky when it is 
clear and dark enough. It is made up of 
stars too far away or too small to be seen 
as separate points of light. This band is 
known as the Milky Way. 

What is it like out there? What are the 
stars? How far away are they? How did 
they come to be? Will they go on shining 
forever? And what of space itself? Does it 
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come to an end somewhere? Or does it go 
on without end? 


OBSERVING THE SKY 


Try to imagine, for yourself, how early 
stargazers learned about what they saw in 
the sky. 

Perhaps you would start simply by ob- 
serving the night sky over a period of time. 
After a while, you would begin to notice 
that the brighter stars seemed to form pat- 
terns in the sky. You would remember 
these patterns when you saw them again. 
That is what early stargazers did, anyway. 
They traced out star patterns and named 
them after gods and heroes, or animals and 
familiar objects. They called these star 
patterns constellations (from the Latin, 
com Stella). 

The names given to constellations in 
ancient times are still in use today — Scor- 


pius, /.co, Orion, and 85 others. Most con- 
stellations do not look like the mythical 
figures they are named after—at least not 
to our eyes. However, they are useful even 


now tor 
night sky. 

Having learned to pick out certain 
stars by their positions in constellations, 
you would be able to keep track of their 
movement across the sky from night to 
night. This is what the early stargazers did. 
They also kept track of the movements of 
the sun and the moon. The star watchers 
also kept records of all these heavenly 
bodies over periods of many years. 

In this way they came to realize that 
events in the sky repeat themselves over 
and over again. From repeated observa- 
tions about the times when the sun, moon, 
and planets appear, people slowly came to 
develop the first calendars for keeping track 
of time and the seasons. In fact, that was 
one important reason why people studied 
the sky. 


EARLY IDEAS OF THE UNIVERSE 


learning our way around the 


The first civilization to gain a real 
understanding of the sky's objects and their 
motions was that of the ancient Greeks. 
Some of the Greek astronomers were very 
careful observers, and kept long and de- 
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tailed records. But most of the Greek 
thinkers were mainly interested in develop- 
ing theories that could explain the universe. 

Some of their theories came close to 
what astronomers now believe to be true. 
The Greeks did this without using any of 
the instruments we associate with astron- 
omy today, such as the telescope. For 
example, most Greek thinkers came to 
realize that the earth is actually spherical, 
not flat. One of their astronomers even 
made a fairly exact calculation of the size 
of the earth by using the methods of 
geometry. 

Another common belief of ancient 
peoples, including the Greeks, was that the 
earth is the center of the universe. After all, 
that is the way it really looks. The heavenly 
bodies appear to be circling the earth. The 
planets look like points of light moving 
slowly among the stars from night to night. 
They also seem to be circling around the 
earth. If you knew nothing about astron- 
omy, it would be only natural for you to 
think—as the ancients did—that the earth 
is the center of everything— the universe. 

Some Greek astronomers, however, 
thought of the universe in a different way. 
In the fifth century B.c., the Greek astron- 
omer Anaxagoras decided that the sun and 
moon and planets were not simply lights 
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Astronomy in ancient Egypt. Painting on the tomb of Ramses IX, an Egyptian pharaoh, 


illustrating the death and resurrection of the sun. 


in the sky. Instead, he described them as 
solid bodies like the earth. 

One century later, the Greek thinker 
Heraclides offered another new idea. He 

' suggested that the earth does not stand 
still. Instead, wrote Heraclides, the earth 
rotates — that is, it spins like a top. He also 
suggested that the planets revolve around 
the sun. However, he still thought that the 
sun, with its family of planets, revolved 
around the earth. 

Aristarchus, a few years later, went 
much further toward a modern view of the 
universe. He stated that the earth was not 
the center of all things. Instead, he thought 
that the earth revolved around the sun. 


THE PTOLEMAIC SYSTEM 


The idea suggested by Aristarchus, 
that the earth actually moves through space 
around the sun, was a very strange one for 
people of his time. They could see the sun 
move across the sky. Most of them were 
not ready or willing to accept a new theory. 
The common belief continued to be that 
the earth stands still, and Aristarchus’ 
theory was ignored. 

In the second century A.D., a Greek 
scientist named Ptolemy brought together 
all of the astronomical and other scientific 
knowledge of his time in a series of books. 
The picture of the universe that he devel- 
oped came to be known as the Ptolemaic 
system. It became the accepted view of the 
universe for about thirteen hundred years. 

In the Ptolemaic system the moon, 
sun, stars, and planets were thought to 
travel in perfectly circular paths around the 
earth. There was no scientific reason for 
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this notion. It simply fitted in with the 
Greek idea that a circle was a perfect 
shape. Today we know that the planets 
travel in elliptical paths—like somewhat 
flattened circles—as they move about the 
sun. But some Greek astronomers were 
aware that the planets’ paths, or orbits, did 
not really seem to be perfect circles around 
the earth. Therefore the believers of the 
Ptolemaic system tried to figure out some 
way to explain this fact. 

There was something else that seemed 
“wrong” about the way some planets 
moved in the sky. Sometimes they did not 
appear to be revolving around the earth at 
all, but moving backwards. 

To account for noncircular orbits and 
for the peculiar movements of some planets 
such as Mars, the Ptolemaic system used 
the idea of an epicycle. In this, a planet 
moved in a circle. The center of this circle 
moved along another circle. You can see 
how this works, by looking at the drawing 
on page 81. 

This notion of epicycles, used in the 
Ptolemaic system, was a complicated one. 
There was no scientific reason behind it. 
Its only purpose was to make it possible 
for people to describe the paths of the 
planets as a system of perfect circles. 

Today we know that the planets do not 
revolve around the earth. We also know 
that planets farther from the sun have 
larger orbits and move more slowly than 
planets nearer the sun. Thus as Earth and 
Mars—a more distant planet—both move 
around the sun, Earth keeps catching up 
with and passing Mars relative to the back- 
ground of stars. When it does so, Mars 


seems to stop moving against the back- 
ground of stars. Then Mars seems to move 
backward for a while, pause, and start 
moving forward again. 


THE COPERNICAN REVOLUTION 


No real advances were made in the 
Science of astronomy during the period we 
know as the Middle Ages. However, among 
the changes that marked the close of the 
Middle Ages was a growing scientific in- 
terest in the natural world. In time, the 
Ptolemaic system itself came to be chal- 
lenged. The most famous name involved in 
this challenge is that of the 15th-century 
Polish astronomer, Nicholas Copernicus. 

What Copernicus did was to state 
that the sun, not the earth, is the center of 
the universe. He said that the earth moves 
through space around the sun. He also said 
that the earth spins, or rotates, like a top. 
As mentioned above, these ideas had al- 
ready been suggested in ancient Greece. 
Copernicus, however, worked out the ideas 
in detail. He did this before the invention of 
the telescope and other instruments of 
modern astronomy. 

Ptolemy had argued that the earth 
could not be rotating. Otherwise, clouds 
could not move eastward, because the air 
would be blowing in the other direction all 
the time. Copernicus pointed out that the 
clouds and all the rest of the atmosphere 
were really part of the earth and were rotat- 
ing along with it. 

Copernicus also showed that the ap- 
parent motion of Mars in the sky could be 
much more easily explained. This he did by 
Stating that the earth and Mars travel 
around the sun, but at different speeds. In 
this way the apparent loops, or epicycles, 
that Mars made in the sky simply became 
an optical illusion. 

Copernicus did not give up one Ptol- 
emaic idea, however. He, too, could not 
believe that planets did not move in perfect 
circles. Because of this, he was not able to 
Work out, mathematically, the orbit of a 
planet such as Mars. Copernicus did not 
Publish his work until the year of his death, 
although fellow scientists were already 
aware of his views. The book, De revolu- 
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Ptolemy thought that the earth was at the center of 
the universe and that the sun and planets revolved 
around the earth. 
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Copernicus demonstrated that the earth, moon, 
and planets revolved around the sun. He was 
wrong, however, in thinking that the orbits were 
perfect circles. 
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The astronomer Tycho Brahe combined the sys- 
tems of Ptolemy and Copernicus. His universe was 
earth-centered. 
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The solar system is man's home in space. It in 
cludes nine planets, two of which —Jupiter (top) 
and Mars (middle photo) —are shown above. Bot 
tom photo: crystalline structure of a meteorite, a 
small body that travels through space, sometimes 
colliding with earth 
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tionibus orbium coelestium ("On the Re 
lutions of the Heavenly Spheres"), n 
said to mark the beginning of mod 
astronomy 

Copernicus' idea of a sun-cer 
universe was not accepted right away | 
most astronomers and the rest of soci 
Tycho Brahe, for example, was an im 
tant observational astronomer who 
in the last half of the 16th century. He 
fused to believe that the earth was not 
center of the universe. He sugp. 
instead, that the other planets revol 
around the sun, and that the sun in ti 
revolved around the earth 


KEPLER, GALILEO, AND NEWTON 


An assistant of Brahe named Johar 
Kepler, however, accepted the Coperni 
theory. Being à mathematician, 
worked out three laws dealing with th 
orbits of planets 

By carefully studying Brahe's num 
ous observations of Mars, he came 
realize that it moves in an elliptical pat 
rather than in a circular one. Kepler's fir 
law of planetary motion states that a planet 
moves in an ellipse with the sun at one 
focus 

Kepler's second law describes th« 
varying speed of a planet in its orbit, When 
a planet is nearest the sun, it is moving the 
fastest. And when it is farthest from the 
sun, it is moving the slowest. (Study the 
diagram and its caption.) Kepler was com 
ing close to the idea of gravitation without 
explicitly announcing it 

Kepler's third law relates a planet's 
distance from the sun with its period. A 
planet's period is the time it takes to make 
one revolution around the sun. The law 
states that the period squared (P?) equals 
the distance cubed (D?). Examples of this 
law are given in the table on the next page, 
which uses the distance of the earth to the 
sun às onc a.u (astronomical unit) and its 
period as one year 

While Kepler was developing these 
laws, the Italian scientist, Galileo, was 
making another great contribution to as- 
tronomy. He used the recently invented 
telescope to look at the planets, the moon, 
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and the sun. (The last was a bad mistake, 
He looked at the sun directly with the tele- 
scope and blinded himself for a while.) 
What he saw in the sky did not agree with 
the teachings of the ancient Greeks. For 
example, he saw that the moon is not a per- 
fect sphere at all. Instead, he observed that 
it had valleys and mountains, like the earth. 

Galileo also discovered that Venus 
goes through phases, like the moon does. 
He observed the moons of Jupiter for the 
first time. And with his telescope he learned 
that there are many more stars in the sky 
than the naked eye can see. 

In the late 17th century a great English 
scientist, Isaac Newton, developed the law 
of gravitation. This law states that all ob- 
jects are attracted to all other objects by the 
force of gravitation. The strength of this 
force depends on how much matter the ob- 
jects contain and on the distances among 
them. The law explains why planetary and 
lunar orbits are elliptical. It explains the 
motions of all objects in the universe. 

This scientific explanation of the mo- 
tions of the earth, sun, moon, and planets 
lasted without change until the 20th cen- 
tury. By the time of Newton's death, he had 
become one of the most honored of all 
scientists. 


TELESCOPES AND CLOCKS 


Modern astronomy grew out of the 
work of such scientists as Copernicus, 
Kepler, Galileo, and Newton. Its develop- 
ment also depended on two important in- 
ventions: the telescope and an accurate 
clock, 

The invention of the telescope opened 
up the skies to astronomers. The first 
lelescopes were simple two-lens systems. 
One lens focused the light. The other, some 
distance away, was an eyepiece, which 
magnified the focused image. Such tele- 
Scopes are called refractors. 
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According to Kepler's second law, a planet, X, 
sweeps out equal areas (shaded regions) in equal 
time intervals. It is apparent that the planet's speed 
must be greater between A and B than between 
E and G. 


No longer were the planets mere points 
of light. Now they and their moons could 
be seen as other worlds—solid-looking 
bodies like the earth. As telescopes im- 
proved, more and different sky wonders 
were revealed. 

Newton himself made an important 
contribution to the design of telescopes. He 
developed a telescope that uses a mirror to 
reflect and focus light. Such telescopes are 
called reflectors. Today the largest optical 
telescopes are reflectors. 

For a long time, however, refractors 
continued to be the most common kind of 
telescope, because people did not know 
how to make large and accurate mirrors, 
Instead, astronomers tried to develop bet- 
ter lens systems for their refracting tele- 


scopes, 

Toward the end of the 17th century, 
the Dutch astronomer Christian Huygens 
invented the first pendulum clock. Until 
that time, it had not been possible to mea- 
sure time precisely. Such an ability is very 
important in modern astronomy. 

As in the other exact sciences, mea- 
surements in astronomy have to be precise 
to be useful. Scientists have to keep accu- 
rate track of when events take place and 
how long they last. Thus with these two 
instruments — the clock and the telescope — 


Kepler's Third Law 
Distance from Period in Distance Period 
Planet pw (a.u.) years cubed squared 
Earth 1.00 1.00 1.00 1.00 
Venus 0.723 0.615 0.378 0.378 
Mars 1.524 1.881 3.54 3.54 
Jupiter 5.20 11.86 140.66 140.66 


The universe consists of perhaps 10,000,000,000 star systems, or galaxies. The solar sys- 
tem is in the galaxy called the Milky Way. Above is the image of a spiral galaxy. 


the real growth of modern astronomy was 
under way. 


WHAT OF THE STARS? 


Through the early years of this growth, 
however, the picture of the universe held 
by astronomers was still quite different 
from the one we have today. That is, the 
nature of the starry sphere was still un- 
known. Even by the time of Newton, no 
one understood what the stars really were. 
Figuring this out led to the next great 
change in our view of the universe. 

In ancient myths, the stars were some- 
times described as dots painted on the 
sphere of the sky. Sometimes they were 
said to be holes in the sky, letting in light 
from a great fire beyond. No one knew how 
to figure out the distances to the stars. In 
fact, not until the time of Newton had 
people figured out the actual distance to 
any heavenly body except the moon. 

Newton was the first to give a scien- 
tific basis to the idea that stars are suns, 
like our own sun, and that they are very far 
away. His friend, the astronomer Edmund 
Halley, then discovered that the stars move 
in relation to each other's position in the 
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sky. He did this by studying old star cha 
and finding out that the positions of som 
stars had changed over a period of ri 
years. The celestial sphere could no longe! 
be thought of as going on forever without 
change. The universe was now seen 
unending stretch of space, through which 
the stars were moving in different di 
rections. 

Astronomers probed the universe of 
stars with more powerful telescopes 
through the next two centuries. By the 
late 18th century an English astronomer 
William Herschel, described the known 
universe as being shaped like a “mill- 
stone." That is, he found that the stars 
seemed to be scattered through space 
around the sun in the form of a thick disk. 
This disk contained all the individual stars 
we can see, plus the more distant stars that 
make up the Milky Way. 

So far as their instruments could tel! 
them, however, astronomers still thought 
that the sun was at the center of the uni- 
verse. At any rate, stars seemed to thin out 
in every direction away from the sun. Thus 
the sun appeared to be at the center of this 
gathering of stars. 


DISTANCES TO THE STARS 


But how far away, actually, were all 
these stars? All that scientists such as 
Copernicus could say was that they must 
iway. They were able to say this for 
le reason. The positions of the stars 
listances among them did not seem 
e at all from one time of year to 


t this tells us can be understood if 
ine yourself in a moving car. When 
at the horizon, you notice that 
objecis nearer to you change their position 
against the background of more distant 
objects. In the same way, you are traveling 
through space as the earth moves around 
the s if there were stars fairly close by, 
the nearest ones would appear to shift their 


position against the background of more 
distant stars as you observed them through- 
out the year. This apparent change of posi- 
tion wiih background stars is called par- 
allax 

By the 19th century, however, no tele- 
Scopes had yet been able to detect any such 


shift for any star in the sky. This meant that 
even the nearest stars must be so far away 
that the earth’s motion around the sun— 
ance it travels — makes no difference 
"arison. 

The first actual measurement of the 
distance to a star was not accomplished 
until 1838. The work was done by an ama- 
teur German astronomer, Friedrich Wil- 
helm Bessel. He chose a star known as 61 
Cygni. It is in the constellation Cygnus. 
This star had been observed to be changing 
its position in regard to other stars; that is, 
it showed a large proper motion. This pro- 
bably meant that it was nearby —again, as 
stars go. (The proper motion of a star is 
the observed motion, over a period of time, 
relative to “fixed” stars.) 

Bessel carefully observed 61 Cygni 
and its background stars as the earth pro- 
Bressed in its elliptical orbit around the sun. 
He achieved what he set out to do. He 
detected a slight shift in the star's position 
against the background of more distant 
Stars. Simple geometrical methods then 
told him how far away 61 Cygni must 
be. The star was 11 light-years away. 


(Astronomers use light-years to describe 
star distances. One light-year is the dis- 
tance light travels in one year—about 
9,500,000,000,000 kilometers.) 


NEW GAINS IN ASTRONOMY 


In the 18th and 19th centuries, the 
picture that people had of the universe 
began to be more like the one we have 
today. Great observational astronomers, 
such as William Herschel, discovered that 
many of the stars we see are actually two- 
star systems, or double stars. Three-star 
and even more complicated systems were 
also discovered, Herschel also observed 
several spherical groups of stars in which 
the stars were packed closely together. We 
know these now as star clusters. 

Herschel also observed the huge 
clouds of dark or glowing dust and gas that 
we call nebulas. Finally, he discovered 
another planet in our solar system, which 
he named Uranus. Still another planet, 
Neptune, was discovered a few decades 
later, in 1846. 

Probably no one astronomer or physi- 
cist can claim the development of the theo- 
ry that the sun and stars are enormous 
masses of rotating gas, producing light and 
heat and other forms of energy. 

In the early 19th century Herschel 
estimated such a large figure for the energy 
coming from the sun that the sun would be 
consumed in less than 5,000 years if the 
energy came from ordinary oxidation. 

In 1802, Joseph von Fraunhofer ob- 
served spectral lines in solar spectra, In 
1859, Gustav Kirchhoff stated a general 
law that connected spectral lines with the 
absorption and emission of light and em- 
phasized that each atom had a unique spec- 
trum. In 1861, Kirchhoff and Robert 
Bunsen made the first chemical analysis of 
the solar spectrum and laid the foundation 
for the use of the spectrum in astrophysics. 

By 1864, John Herschel and Father 
Secchi suggested that the sun was totally 
gaseous. During the next decades of the 
19th century, William Huggins revolu- 
tionized astronomy by using the spectro- 
scope to study the chemical composition 
of many stars. 
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With the development of photography 
in the 19th century, astronomers gained a 
major new tool. By using cameras, they 
could take pictures of the sky and study 
them as long as they wanted. They no 
longer had to remain at the telescope for 
long hours and try to remember what they 
saw. Photographs gave them a permanent 
record. By exposing film to the sky for 
long periods of time, they could detect very 
faint sources of light. Such sources include 
dim, nearby stars as well as the most 
distant known objects in the universe. 

The 19th century also gave astrono- 
mers another tool for studying the sky— 
the spectroscope. A spectroscope is an in- 
strument that breaks light up into the colors 
of the spectrum—red, yellow, blue, and so 
on. One end of the spectrum is red. The 
other end is violet. The other colors fall 
in between. 

The spectra of the sun, stars, and other 
objects tell astronomers a great deal about 
these objects. The reason is that when ele- 
ments are heated until they glow, they emit 
distinctive colors and dark or bright lines. 

By using a spectroscope, scientists can 
identify the elements in a star. Thus, 
studying the spectrum of a star tells what 
a star is made of. Astronomers also use 
spectroscopes to learn about temperature 
and other conditions on a star. With the 
spectroscope, astronomers could begin to 
study the physics and chemistry of celestial 
objects as well as their visual appearance. 


Radio telescopes are valuable instruments for 
probing the far reaches of the universe. Many dis- 
coveries, such as pulsars, were made with them. 
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Even with all these advances, our view 
of the universe by the end of the 19th cen- 
tury was still very different from the one 
we know today. People still thought of the 
sun and its planets as more or less at the 
center of the universe. 


THE UNIVERSE WE KNOW TODAY 


The 20th century brought a major 
change to our understanding of the uni- 
verse. In 1917, an American astronomer, 
Harlow Shapley, gave us a new under- 
standing about our star system, the Milky 
Way. His interpretation of many astronomi- 
cal observations was that this star system, 
or galaxy, is not centered around our sun 
at all. Instead, our sun is about three- 
fourths of the way toward the outer edge 
of our galaxy. The last hint of the ancient 
view of an earth-centered — or, at least, sun- 
centered — universe was now removed. 

There was more to come. In the 
1920's, another American astronomer, 
Edwin Hubble, showed that our Milky 
Way, with its hundreds of millions of stars, 
is not the only star system in the universe. 
Rather, it is just one of many such gal- 
axies. A very few of them have always 
been visible to the naked eye, but it took the 
powerful telescopes of the 20th century to 
show that they are actually made up of mil- 
lions of individual stars. 

The other galaxies have a wide range 
of shapes and sizes. Many are spiral- 
shaped, as our own was found to be. Others 
are elliptical, and others are spirals crossed 
by a broad band of stars at right angles to 
the main disk. The deeper the telescopes 
probed into space, the more galaxies they 
discovered. Astronomers now estimate that 
there might be 10,000,000,000 galaxies. 

In 1926 the American astronomer 
V. M. Slipher discovered with a spectro- 
meter that the light spectrum of distant 
galaxies is shifted toward the red end. This 
effect is now known as the red shift. Most 
astronomers interpret this effect to mean 
that galaxies are moving away from us at 
great speeds. The most distant galaxies 
produce a very large red shift, which must 
mean a very high speed of recession. 

Among the more exotic objects in the 


> the pulsars. They are thought to 
dly rotating stars made up mostly of 
neutrons. The observed pulses appear to 
roduced by their rotations. Pulsars are 
of a class of galactic objects 
"able stars, because they change 
:tness. One kind of variable star is 
the ova, which suddenly increases dramat- 
ically in brightness. We do not know why 
novas explode in brightness. 


NEW OBSERVING METHODS 
Scientists today have many different 


kinds of instruments with which to study 
the verse. No longer are astronomers 
limited to studying the light coming from 
celestia! objects. Astronomers can now 
observe the radio waves, ultraviolet rays, 
infrared rays, X rays, and other radiations 


given off by the objects of the universe. 

Many of the objects in our galaxy and 
in others have been observed in radio 
waves. Quasars were first observed by 
their radio waves, and later identified by 
light waves. They are remarkable because 
they appear to be moving at speeds ap- 
proaching the speed of light. Quasars 
appear like stars on a photographic plate, 
but they also have a very large red shift. 
Some astronomers suggest that they are 
associated with galaxies. The name comes 
from ‘‘quasistellar object.” 

Astronomers are now detecting X 
rays from points in the universe that appear 
completely black. They now call such 
points black holes and theorize that they 
are burned-out stars. The mass of a black 
hole has been crushed into a small volume, 
but its gravitational force is so immense 
that it pulls back any light waves that might 
be leaving it. Astronomers also believe that 
à black hole's gravitational force sucks in 
galactic matter and spews it out as X rays. 

Think back a bit. This has been quite 
à change, from the picture of the universe 
in ancient times to the one we know today. 
The earth used to be thought of as the cen- 
ter of all things, with the sun and planets 
and moon and starry sphere all circling 
around it. The earth today is seen as merely 
one of several planets revolving around an 
average-sized star in the outer regions of 


David Dunlop-University ot toronto 


Telescopes today, such as this one at the University 
of Toronto, are guided automatically, and record 
images of the sky on photographic plates. 


a fairly ordinary galaxy. Far from being at 
the center of all things, the earth might now 
be thought of as a mere speck of matter 
adrift in an enormous universe. 


HOW LARGE AND HOW OLD? 


Indeed, the size of the known universe 
is really too enormous for us to imagine. 
How large is it actually, in terms of light- 
years? Astonomers do not have the final 
answer to that question. They are not even 
certain of the methods they use to deter- 
mine the very greatest distances. There 
are also several different theories about 
how large the universe can be. And this 
also applies to determining the age of the 
universe, which some astronomers believe 
to be about 16 billion years old. 

Our own galaxy, the Milky Way, is 
about 100,000 light-years across at its 
widest part. Andromeda, the closest galaxy 
to ours, is 2.2 million light-years away. The 
most distant galaxies appear to be 10 billion 
light-years away. But with every tele- 
scopic improvement, the distance it "sees" 
increases. What could lie beyond? 
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An artist's concept of a balloon-type robot probe that would float over the surface of a 
celestial object being explored. Unmanned space probes are already playing an increas- 
ingly important part in our study of the universe. 


Absolute nothingness? 

People have been developing new 
answers to such questions in the course 
of the 20th century. Albert Einstein, in par- 
ticular, developed the theory of relativity, 
upon which most modern views of the uni- 
verse are based. There is no easy way to 
describe these views. And even these most 
modern theories are not all in agreement. 
Some say that the universe is a closed 
system—that it does not go on spreading 
outward forever. Others say that the uni- 
verse is expanding from some early event 
and that it may never contract again. While 
a third group suggests that the universe is 
oscillating, now in an expansion phase, 
later to contract. 
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There is another great question for 
astronomers to solve. That is, where did all 
the stars and galaxies come from? Did they 
always exist? Or did the universe have a 
beginning, and will it come to án end? A 
number of major theories have been devel- 
oped to answer these questions. You will 
be reading about them in the article that 
follows. 

People are now sending instruments 
including telescopes into space to orbit the 
earth or to reach other planets. And new 
data keeps pouring in from all these 
sources. The information often answers 
old questions while raising many new ones. 
Our great human venture into the universe 
has really only begun. 


ORIGIN OF THE UNIVERSE 


by George B. Field 


Did the universe originate suddenly in 


an enormous primeval explosion, thou- 
sands of millions of years ago? Or has the 
universe always been in process of crea- 
tion, without a definite beginning or end? 
Expovents of the first idea, called the “big- 
bang iheory," believe that all the matter in 
the cosmos once formed a compact mass, 
whic : some have likened to a huge "atom" 
of soris. This mass then exploded, forming 
a vast fireball. In a few minutes, perhaps, 
mat was scattered across immense 
stretches of space. Today, the stars, galax- 
ies ! planets that were formed from this 
materia! still have the motion that resulted 
from ‘he explosion and are speeding away 
from cach other at tremendous velocities. 
The different elements developed from the 
prim tive matter that exploded. 

the other hand, followers of the 
continuous-creation, or "steady-state," 


theory, say that the universe has always 
been much the same for long ages, and that 


matter, namely hydrogen, is constantly be- 
ing created, apparently from nothing. This 
material forms the stars and galaxies and 


arises more or less uniformly throughout 
the cosmos. In this article, we shall assess 
the scientific standing of the big-bang and 


Big Bang (two panels below, two right): 
the universe as we know it started with 
a big bang and keeps expanding forever. 
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follows endless cycle: big bang, expan- 
Sion, contraction, big bang, expansion. 


steady-state theories in relation to the latest 
astronomical research. 


BIG-BANG THEORY 


Theories of the universe form a disci- 
pline known as cosmology. Einstein was 
the first truly modern cosmologist. In 1915 
he completed his general theory of relativi- 
ty. It was then applied to the problem of the 
distribution of matter in space. In 1917 it 
was determined mathematically that there 
seemed to be a more or less uniform mass 
of material which is precariously balanced 
between the attractive force of gravitation 
and another, unfamiliar, force of cosmic 
repulsion, or pushing apart. In 1922, a Rus- 
sian physicist came up with another solu- 
tion to the problem, in which repulsion does 
not play a role; instead, there is an expand- 
ing universe where all particles are flying 
away from each other at high speeds. The 
expansion is constantly slowing because of 
the attractive force of gravity. Earlier, the 
particles had been moving outward even 
faster. In this model of the universe, the 
expansion started at a unique moment in 
the past—the so-called “big bang". 

The big-bang theory seemed so con- 
trary to the astronomical knowledge of the 
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Surface 


Later surface 


Expansion of the universe according to the big- 
bang theory is compared here to a balloon under- 
going inflation. The specks A, B, and C represent 
galaxies at relatively fixed locations. 


period, that at first it attracted little atten- 
tion. After all, the many stars in the Milky 
Way galaxy do not seem to be moving away 
from each other, but instead to be traveling 
in circular orbits around its massive central 
region. But in 1929, Edwin Hubble, then an 
astronomer at the Mount Wilson Observa- 
tory, announced that the galaxies he had 
been observing were in fact receding from 
us, and from each other, at speeds of up to 
several thousand kilometers per second. 
These galaxies, like the Milky Way, appar- 
ently keep their internal structure intact 
over long periods of time; individually they 
are moving through space, more or less as 
units, or “particles.” The Einstein theory 
could be applied to galaxies instead of to 
stars. 


RECEDING GALAXIES 


To determine the speeds of galaxies, 
Hubble made use of the Doppler effect. 
The Doppler effect is the phenomenon 
experienced when a source of waves, such 
as light or sound, is moving with respect to 
an observer or listener. If the source ap- 
proaches a person, the latter perceives the 
waves as rising in frequency: sound be- 
comes higher-pitched or light tends toward 
the violet end of the spectrum. If the source 
is moving away from the person, the waves 
drop in frequency: sound becomes lower in 
pitch or light tends toward the red end 
of the spectrum. In examining the light 
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from the galaxies spectroscopically, Hub- 
ble noted that the lines were shifted out of 
their customary positions, toward the red 
end of the spectrum. He concluded that this 
was due to the motion of the galaxies away 
from the earth. Moreover, the greater the 
speed of recession, the greater was the shift 
toward the red—the so-called “red shift." 

Hubble was able to deduce the veloci 
ties of the receding galaxies from thc 
amount of red shift. He determined that a 
shift of one per cent toward the red corre 
sponded to a speed of 3,000 kilometers per 
second, for example. Furthermore, the ap 
parently fainter and therefore more distant 
galaxies seemed to have greater red shifts — 
i.e., they were traveling the fastest of al! 
More recent work on the problem has dis- 
closed that there is an increase of speed o! 
about 32 kilometers per second for each 
million light-years of distance outward into 
space. 

A light-year is a unit of measurement 
used in astronomy. It is the distance tha 
light travels in a year. Since light travels at 
300,000 kilometers a second, it goes about 
9,500,000,000,000 kilometers in a year. 
Thus, when a galaxy is 3,000,000,000 light- 
years from the earth, it is traveling about 
95,000 kilometers a second. However, re- 
cent studies, which indicate that some ob- 
jects in the universe may be traveling at 
higher than previously calculated speeds, 
have thrown into question the significance 
of red shift as an indication of speed. 

Such figures represent the distances 
and speeds of galaxies as they appear to us 
now. We see the galaxies as they looked 
hundreds or thousands of millions of years 
ago, since their light has taken that long to 
reach the earth. Although the figure of 32 
kilometers a second for each million light 
years seems to be constant, there is some 
reason to believe that it is changing very 
slowly with the passage of time. 

The big-bang theory is also based on 
the observation that galaxies are distributed 
more or less uniformly throughout space, 
much like a cloud of particles. The physicist 
George Gamow has explained the expan- 
sion effect by an analogy with an inflating 
balloon. If one blows up a balloon that is 


uniformly covered with specks of paint, one 
sees al! the specks move away from each 
other. 

As the specks or galaxies move away 
from each other, observers on any one of 
the specks (as persons on earth in the Milky 


Way) would get the impression that all the 
other specks (galaxies) were moving away 
from them. This impression of outward ex- 
pansion for all observers, in fact, has been 


termed the cosmological principle. 
STEADY-STATE THEORY 


Back in 1948, however, there was not 
sufficient information available to test the 


big-bang theory. British astronomer Fred 
Hoyle and some British astrophysicists 
argued for another theory, the steady-state 
theory, according to which the universe not 


only is uniform in space—the cosmologi- 
cal principle—but also unchanging in 
time—the perfect cosmological principle. 
Thus, the cosmological principle was ex- 
tended so that it was “perfect” or “com- 
plete” and not conditioned by specific 
historic events. The steady-state theory is 
in direct conflict with the big-bang theory. 
In the latter theory, space becomes pro- 
gressively emptier as the galaxies recede 
from one another. In the steady-state the- 
ory, one must postulate that new matter is 
continuously created in the space between 
the galaxies, so that new galaxies may then 
form to take the place of those which have 
receded. The new material is believed to be 
hydrogen, which is the source from which 
Stars and galaxies spring. 

Continuous creation of matter from 
apparently empty space has met with con- 
Siderable skepticism from authorities, be- 
Cause it seems to violate one of the basic 
laws of physics—the conservation of mat- 
ter. Matter cannot be created or destroyed, 


but just converted into other kinds of mat- 
ter or into energy. On the other hand, it 
would be difficult to disprove continuous 
creation directly, because the amount of 
matter, according to steady-state theory, is 
increasing very slowly—about one atom 
per thousands of millions of years in a vol- 
ume of space equal to that contained in an 
average television set. 


PROBLEMS WITH BOTH THEORIES 


The steady-state theory in its original 
form has not fared well in the light of recent 
astronomical studies, Its chief failing ap- 
pears to be its insistence on the uniformity 
of stars and galaxies. It did not predict 
that the average properties of nearby and 
distant galaxies would be different. And yet 
differences have been observed, especially 
by radio astronomers. There are far more 
faint radio sources than have been predict- 
ed by the steady-state theorists. Such ef- 
fects, however, can be explained on the 
basis of big-bang theory, since it predicts 
that galaxies evolve with the passage of 
time. Because of the finite speed of light, we 
see various galaxies as they appeared at 
different stages in the past, as we have al- 
ready pointed out. For very distant galax- 
ies, thousands of millions of light-years off, 
we see them as they were thousands of mil- 
lions of years ago, when their characteris- 
tics were different. Because of these facts, 
Hoyle and others have renounced the early 
form of the steady-state theory. Others are 
attempting to modify it, however. 

The big-bang model has also run into 
difficulties. For one, the concept of all mat- 
ter being compressed into one dense mass 
has been very difficult for present-day 
physics to describe or comprehend. The 
explosion and consequent motion of this 
material may be compared to the possible 


Steady-state: continuous creation. 
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Three possible ways in which the big-bang uni- 
verse could be evolving. Curve A represents a rap- 
idly and continuously expanding universe. Curve B 
shows a universe expanding slowly. Curve C shows 
a universe where expansion has stopped, over- 
come by the force of gravitation, and contraction is 
occurring. 


flights of a projectile fired off the earth’s 
surface. It may travel so fast that it easily 
escapes the earth's gravity and moves very 
quickly far out into space, and keeps doing 
so. Or it may just barely escape the earth 
and keep moving very slowly on outward. 
Or it may never have had sufficient velocity 
to rise free of earth’s gravity. The projectile 
will eventually slow down, stop, and then 
start falling back to earth, at increasing 
speed. The expanding universe may be act- 
ing similarly —expanding rapidly, or com- 
paratively very slowly or finally so slowly 
that expansion may halt, being overcome 
by the gravitational attraction of matter for 
matter. Then contraction sets in, as all mat- 
ter begins to "fall" back, faster and faster, 
toward its point of origin. Some astrono- 
mers think that ultimately, the whole pro- 
cess may begin again, after matter has 
become sufficiently compacted to explode 
once more. At the present time, observa- 
tions have not been good enough to suggest 
which one of the three expansion pro- 
cesses, described above, may be operating 
in the universe. Yet, there is hope that in a 
few years the answer may come. 
Another stumbling-block to the big- 
bang theory is the age of the universe ob- 
tained mathematically from it. It seems just 
too small (about 10,000,000,000 years) 
for a number of very old stars, whose ages 
have been determined independently from 
the amount of nuclear fuel they are sup- 
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posed to have consumed. However, pro- 
ponents of the big-bang theory feel that this 
method of stellar dating is not yet very 
accurate, and so they consider that it is not 
really a serious threat to their idea. 


ONCE A SMALL UNIVERSE? 


The present known proportion of he 
lium in the sun and in many other stars av 
erages about 20 to 30 per cent by weight 
This agrees with the amount predicted bv 
the big-bang theory. Big-bang exponent: 
say that the temperature of the cosmic blast 
first reached several thousand million de- 
grees, but began to drop off after the event 
At some stage many atomic nuclei began to 
form, including those of helium. The exact 
amount of early helium depends on several 
factors, particularly the temperatures pre 
vailing then and now. Some trouble has 
been experienced in the theory in this re- 
gard. Critics also point out that the appar- 
ent agreement of present helium abun- 
dance between fact and theory may be only 
coincidence, and that later cosmic events 
influenced the helium concentration. 

The explosive fireball must have given 
off terrific amounts of high-energy radia- 
tion. Gamow and others said that remnants 
of this radiation might still be detectable, 
but now at much lower frequencies, be- 
cause of the great loss of heat and energy 
since the big bang. In 1965 and later, such 
possible radiation was detected, in the mi- 
crowave region of the spectrum, at various 
wavelengths. It seems to come evenly from 
all regions in space, as would be expected 
from a universal fireball, and corresponds 
to a present temperature of from 2.5 to 3° 
above absolute zero, or about —270° Cel- 
sius. These observations are in very close 
agreement with the predictions that have 
been made by theory. 

If all these findings about fireball radia- 
tion and helium abundances finally prove to 
be correct, it would mean that at one stage 
the universe was 1,000 times smaller than it 
is today and, at a still earlier period, 300 
million times smaller. Matter in this com- 
pact state could not exist as normal atoms, 
nor could it eventually come to form stars 
and galaxies, unless it exploded. 


THE NIGHT SKY 


by Marian Lockwood 


ant of the night skies aroused 


the ity of men from the very earliest 
time \s observations piled up and 
astroi cal instruments were perfected, 
the y rn of the sky became clearer. 
Th iere is still a great deal that we do 
not bout our universe, we now have 


at ly accurate idea of the face of the 


sky is viewed from our planet, the 
eart! 

he countless thousands of millions 
of cele bodies, we can see either with 
the l eye or the optical telescope only 
thc ies that shine. Some of the heav- 
enl 's — the stars, for instance, which 
are suns like our sun— shine by their own 
ligh ers, like the planets and their 
moor hine because they reflect the light 
of the sun, as a mirror reflects the light that 
shin on it. The earth, because it reflects 
the light, would also appear as a shin- 
ing | to a nearby observer. 

> stars make up by far the largest 
part of the individual objects that we ob- 
serve in the sky. The average person look- 
ing at the sky can see perhaps 4,000 stars at 
one t Other naked-eye stars, number- 
ing perhaps 5,000 more, would not be visi- 
ble to him. For one thing, we see only one- 
half of the sky at any one time. Besides, 
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some of the stars that are close to the hori- 
zon are lost in the haze that so often ob- 
scures the sky just above the horizon line. 
The astronomer with a powerful array of 
telescopes can see or photograph countless 
individual stars and star groups that are not 
visible to the naked eye. 

Long ago, possibly before the dawn of 
history, people began to imagine that they 
could see patterns or designs in the group- 
ing of stars. One saw a bear outlined in the 
sky, another a winged horse. Still others 
imagined that they beheld the likenesses of 
various mythological heroes. And so, 
through the ages, the stars became divided 
into groups, or constellations, of which 
there are now eighty-eight. The whole sky 
is filled with these star groups. There are no 
empty spaces left between the constella- 
tions, and they do not overlap. Each star 
belongs in a specific constellation and each 
constellation has its own name. 


THE SUN AND PLANETS 


The star with which we are most famil- 
iar is the sun—the center of our solar sys- 
tem. It provides the light and heat that are 
essential for life upon the earth. Our sun is 
only an average star in size and brightness, 
but from our point of view it is the brightest 


The celestial sphere with the 
lines of reference used ín the 
equatorial system indicated. 
Diurnal circles mark a star's 
declination, or position 
north or south of the celes- 
tial equator. Hour circles 
mark a star's east-west posi- 
tion, or its right ascension. 
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A star's east-west position, or right ascension, is measured eastward from the vernal 
equinox to the place where the star's hour circle crosses the celestial equator. The mea 
surement is given in degrees, minutes, and seconds, with one hour being equal to 15 
degrees. The vernal equinox is one of the two places where the celestial equator crosses 


the ecliptic, or apparent path of the sun. 


and most conspicuous object in the sky. 
Like the other stars, the sun is a large mass 
of self-luminous gas, but to us it looks like a 
solid sphere with a sharply defined disk, 
across whose surface spots travel from time 
to time. Above the disk there is an atmos- 
phere made up of several layers. 

Next to the sun, the moon is the bright- 
est object in the sky, although actually, of 
course, it shines only by the reflected light 
of the sun. The moon is the satellite of the 
earth, revolving around the earth in an 
elliptical (oval) orbit. The moon has a 
constantly changing appearance as it 
passes through its various phases. 

The earth travels through the universe 
in company with eight other planets. They 
all move in elliptical orbits around the sun. 
The planet Mercury is nearest the sun; then 
comes Venus; then the Earth. Beyond the 
Earth are Mars, Jupiter, Saturn, Uranus, 
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Neptune, and Pluto. All the planets except 
Uranus, Neptune, and Pluto are at certain 
times visible to the naked eye. Even Ura- 
nus can be dimly seen at infrequent inter 
vals without a telescope, if one knows just 
where to look for it. The earth is not the 
only planet that has a satellite. Jupiter has 
16 known satellites, Saturn 17, Uranus 5, 
Neptune 2, Mars 2, and Pluto, like the 
earth, has one. This makes a total of 44 
satellites for the nine planets. 


OTHER SOLAR SYSTEM MEMBERS 


Certain features of the solar system are 
to be seen only from time to time, greatly 
enlivening the celestial show as they be- 
come visible. Meteors — “shooting stars" — 
sometimes flash across the night sky. 
Each represents the glow caused by fric- 
tion as matter from outer space hits the 
earth's atmosphere. At various times of the 
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Hour cles emanating from the celestial north 
pole. Ail hour circles run through the celestial pole 
and cross the celestial equator at right angles. 
There is no limit to the number of possible hour 
circle can be drawn, and each object in the 
Sky he place on one of these lines. 


year, ihe earth, in its journey around the 
sun, passes through large crowds of meteor- 
itic particles. Then hundreds and even 


thousands of "shooting stars" stab the 
blackness of the night with their quick, 
sudden trails of light. There are a number of 
meteor showers in the course of a year. 

Comets, much more infrequent visitors 
than meteors, proceed majestically across 
the sky and may be visible for many nights 
or even for months. They move in greatly 
elongated paths around the sun. Some 
comets come back to the sun's neighbor- 
hood every few years, while others com- 
plete their journey only in many centuries. 
Comets often develop luminous tails, 
hundreds of thousands of kilometers long, 
When they approach the sun. 

To complete our rapid sketch of the 
Solar system we should mention here the 
magnificent displays called the auroras: the 
aurora borealis, or northern lights, in the 
Northern Hemisphere; the aurora australis, 
Or southern lights, in the Southern Hemi- 
Sphere. Caused by electromagnetic disturb- 
ances on the sun that toss electrons into 
the earth's magnetic field, auroras glow 
high in the atmosphere and form shafts of 
shimmering colored lights. 


BEYOND THE SOLAR SYSTEM 


Far out and beyond our miniature uni- 
verse of sun and planets lies the Milky 
Way, a majestically beautiful pathway of 
light girdling the heavens. Although it ap- 
pears to be cloudy, it is actually composed 
of suns like our own. It forms part of the 
Milky Way galaxy, our island universe. The 
Milky Way is the galaxy to which our sun 
belongs. It is one of countless galaxies 
in the universe. The Milky Way is shaped 
like a wheel with a central hub. When we 
look in the direction of the Milky Way, we 
are looking, from our position near the sun, 
into the center of the galaxy. That is why 
the stars appear so close together and 
suggest a luminous band. The individual 
stars in our night sky also belong to the 
Milky Way system. They seem scattered 
because when we see them we are looking 
towards the outskirts of the galaxy. 


THE CELESTIAL SPHERE 


Such, then, are some of the objects that 
we see in the skies. To locate these objects 
in space, astronomers have developed the 
concept of a celestial sphere. The celestial 
sphere is a sphere extending to the outer- 
most limits of space with the earth at its 
center. On this imaginary sphere, they have 
drawn reference lines. By referring to them, 
they locate heavenly bodies, plot their 
paths, and keep track of eclipses. 

Geographers have done much the 
same thing in drawing their imaginary refer- 
ence lines on the surface of the earth. We 
locate a city on the map by latitude and lon- 
gitude. The latitude is the city's position 
north or south of the equator—an imagi- 
nary line, drawn around the earth equally 
distant from the North and South poles. 
The city's longitude is its position east or 
west of another imaginary line, known as 
the zero, or Greenwich, meridian. This 
line, which is the starting point for all longi- 
tude, passes through the North and South 
poles of the earth and through Greenwich, 
England. This line is also the starting point 
for the standard time zones. 

All the imaginary lines of reference in 
the sky, as we shall see, are either circles or 
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arcs—parts of circles. The circumference 
of any circle, large or small, can be divided 
into 360 degrees (360°). Each degree is di- 
vided into sixty minutes (60’) and each 
minute into sixty seconds (60’). Because 
the distance between any two celestial 
bodies is measured along the arc of a circle, 
we measure sky distances in terms of de- 
grees, or minutes, or seconds of arc. For 
example, a star halfway up the sky from the 
eastern horizon has an altitude (height) of 
45 degrees of arc. 

The equatorial system. Several systems 
are employed in establishing reference 
lines on the imaginary sphere. The equa- 
torial system is the one generally used 
by astronomers. The system is defined with 
reference to the earth's axis. Imagine this 
axis as a long rod extending out into space 
until it touches our imaginary celestial 
sphere. The point where the north end of 
the rod touches the sphere is the north ce- 
lestial pole. The bright star Polaris (“Pole 
Star") is close to this point in the heavens; 
hence it is often called the North Star. Its 
technical name is Alpha Ursae Minoris, 
which means in the astronomer's language 
"brightest star in the constellation Ursa 
Minor." The south end of the rod touches 
the celestial sphere at the south celestial 
pole. There is no star in its immediate 
vicinity. Equidistant between the celestial 
poles and encircling the heavens is the 
imaginary line known as the celestial 
equator. It is really an extension of the 
earth's equator into space. The celestial 
equator divides the sphere of the heavens 
into halves—the Northern and Southern 
Hemispheres. 

Running through the celestial poles 
and at right angles to the celestial equator 
are great circles known as hour circles. 
There is no limit to the possible number of 
hour circles that could be drawn. Each ob- 
ject in the sky has its place on one of these 
circles. 

> A star's declination is its position — 
given in degrees, minutes, and seconds — 
north or south of the celestial equator. An- 
other way of describing declination is to say 
that it is a star’s angular distance north or 
south of the celestial equator on its particu- 
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lar hour circle. North declination is marked 
plus; south declination, minus. A s hat 
is 10 degrees north of the celestial equa 
is said to have a declination of +10°. “ne 


that is 49 degrees south of the equator ias a 
declination of —49°. 

The east-west position of a star is 
known as its right ascension. It is always 


measured eastward from the point k» 
as the vernal equinox, one of the tw« 
where the celestial equator crosses anc 
circle, the ecliptic. The ecliptic marks the 


path of the sun’s apparent annual journey 
through the heavens. It is inclined avout 
23Y» degrees to the celestial equato ie 
right ascension of a star is measured from 
the vernal equinox to the place where ‘he 
star's hour circle crosses the celesti a- 
tor. It is usually given in terms of hours, 
minutes, and seconds rather than in degrees, 
minutes, and seconds. One hour equa's 15 


degrees; 24 hours equal 360 degrees 
The horizon system. In the horizon * 
tem, all positions are referred to thc ^o 
zon—the line where the earth seen 
meet the sky. When an astronomer 
of the horizon, he does not have in 
the irregular, broken skyline th 
usually see. The astronomical hori: 


known as the true horizon. It is who: you 
would see from the middle of the ocesn— 
a circle stretching unbroken all around you 


and at the same level everywhere. 

The point on the celestial sphere di- 
rectly above you is the zenith. The great 
circle passing through the zenith of a given 
place and also through the two celestial 
poles is called the meridian of that place. 
Directly beneath you, on the celestial 
sphere on the other side of the earth, is the 
nadir. As you change your position on the 
earth's surface, your zenith and your nadir 
move with you. No one else can have the 
same zenith and nadir as you at a given 
time. 

In the horizon system, the position of 
an object in the heavens is described by its 
altitude and its azimuth. The altitude is 
measured in degrees, minutes, and seconds 
from the horizon up toward the zenith. 
Points below the horizon are indicated by 
negative altitudes. The azimuth of a body in 


measured in degrees, minutes, and 


space 
seco westward, clockwise, along the 
hori rom the south point of the horizon 
to t! f the vertical circle of the body. 


The ical circle is an imaginary circle 
passir ough both the body and the ze- 
nith igators and surveyors measure 
azimuth from the north point of the hori- 
zon 1 the east. 

r horizon system, the position of 


a he body will vary according to the 
plac om where it is observed. Hence 
posi nd time must be given. 
systems. The ecliptic system is 

base he ecliptic. It is used to describe 
the ; n of members of the solar system, 
most sich move in or near the ecliptic. 
The ; c system, used to study the mo- 
tion: tars, is based on the plane of our 
gala We compared the latter previously 
to : isel. We can think of the plane of 
the g y as cutting the wheel into upper 
and k halves. 
THE NG FACE OF THE SKY 

earth spins completely around on 
its nc south axis about once in 24 hours. 
As it does so, its eastern horizon dips 
down, and we see new stars coming into 
view he eastern part of the sky. At the 
same time, the western horizon rises, and 
the stars that we have been observing low 


in the west are gradually hidden from our 
sight. This accounts for the apparent rising 
of stars in the east and their setting in the 
west. The sun, the moon, and the planets 
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A person would never see a rising or setting 
star at the North Pole. There the stars seem 
to move around the sky in circles parallel to 
the horizon. This aspect of the heavens is 
called the parallel sphere. At the North 
Pole, you would be able to see the entire 
northern half of the celestial sphere — the 
Northern Hemisphere. If you were at the 
South Pole, you would see the entire South- 
ern Hemisphere of the sky. At either pole, 
the celestial pole is directly overhead and 
coincides with the zenith. 

As we start traveling south from the 
North Pole, we leave behind us the parallel 
sphere, where all the stars revolve in circles 
parallel to the horizon. If we stop 40 de- 
grees south of the pole, at latitude 50, we 
find that the north celestial pole is now 50 
degrees above the northern horizon. As we 
watch the northern night sky from this van- 
tage point, we see that a good many stars, 
circling the pole, never seem to set. These 
are known as the circumpolar stars. 

If, from latitude 50 degrees, we look to 
the south, we see stars rising and setting. 
They come over the eastern horizon at an 
oblique angle and they set obliquely in the 


The celestial sphere with the lines of reference 
used in the horizon system indicated. In this sys- 
tem, all points in the sky are located in terms of the 
observer's horizon. Therefore the observer's posi- 
tion and time must be given 
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—and comets, when they happen to be 
visible —also make their first daily appear- 
ance from below the eastern horizon. 

But all these heavenly bodies are not 
actually moving around the earth from 
east to west. This is an optical illusion, 
caused by the spin of the earth from west 
to east. However, there are exceptions to 
this illusion. This depends on the latitude 
from which you are observing the night 
Sky. And it also depends on whether the 
Stars are circumpolar, which is explained 
later. 

. The face of the sky changes not only 
With the turning of the earth but also as we 
travel north or south on the earth's surface. 
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One way to map the sky is shown above and on the opposite page ate 
the celestial meridian, or great circle passing through the zenith and ti the 
celestial poles. Then face the North Star and point to it with your ri nd. 
Then swing your arm sideways and to the right until it is level with you der 
and due east. Do the same thing with your left arm. The imaginary line ^us 
locate are the 6-hour circles; they divide the sky around the Nortt nto 
quadrants. Then trace a path in the sky at right angles to the 6-hour cir his 
line is the celestial equator. You can check your determination of the stial 
equator if the constellation Orion is visible, for the right hand star in Or belt 


is practically on the celestial equator. 


west. The aspect of the sky as seen from 
any point between the poles and the equa- 
tor is known as the oblique sphere. 

When we observe the heavens from 
the equator of the earth, we see the so- 
called right sphere, another aspect of that 
ever-changing sky above us. Here, the stars 
rise vertically and set vertically —at right 
angles to the horizon. The north celestial 
pole is located at the north point of the hori- 
zon, and the south celestial pole at the 
south point. The celestial equator runs from 
the east point to the west point of the hori- 
zon and through the zenith. At the equator, 
there are no circumpolar stars at all, since 
the poles are on the horizon. 

As we travel to the south from the 
earth's equator, the south celestial pole ris- 
es gradually over our southern horizon. At 
latitude 10 degrees south, it will be 10 de- 
grees above the southern horizon; at alti- 
tude 80 degrees south, 80 degrees above 
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the southern horizon and so on. The arca of 
circumpolar stars increases as we go south. 
At the South Pole of the earth, we again 
observe the parallel sphere. 


THE SUN'S APPARENT JOURNEY 


Like the other celestial bodies in the 
heavens, the sun seems to be constantly 
moving. Not only does it apparently rise 
and set each day, but it seems to be chang- 
ing its position with respect to other stars. 

To understand why this is so, let us 
consider again the earth on which we live. 
In addition to turning on its axis about once 
every twenty-four hours, it also moves 
around the sun at a speed of about 29 kilo- 
meters a second. Its path around the sun is 
elliptical, and it takes our planet about a 
year to complete its journey. As we travel 
around the sun, we see that bright body first 
against one part of the sky and then against 
another. And since we are not conscious, 


fror vidence of our senses, of the fact 
tha arth is moving around the sun, the 
sun rather to us to be moving around 
the he east. 

an we detect this apparent east- 
war :ey of the sun through the heav- 
ens rue that in broad daylight, we 
nev the stars, since the sun's light 
blo 1 out. However, if we watch in the 
earl ning just after the sun has set and 
in the dawn before sunrise, we can see at 
som or other a great many of the stars 
that ridden by the sun during the day. 
In the evening — sometimes even in the twi- 
light e can briefly glimpse the brighter 
stars that are just to the east of the sun and 
that set soon after it goes down. In the 
morning, in the same way, we can see stars 
just to the west of the sun before the sun 


comes up. The stars that become visible in 
this way are always changing because of 
the sun's steady eastward motion. 

In the course of one year, the sun 
completes its circuit. This apparent path 
of the sun is a great circle of the celestial 
Sphere —360 degrees. Since our year is 
about 365 days long, the sun appears to 
move toward the east approximately one 
degree each day. 


THE EQUINOXES 


As we have pointed out, the apparent 
yearly path of the sun around the heavens is 
known as the ecliptic. It is one of the most 
important reference points in the sky. In- 
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clined at an angle of 232 degrees to the 
celestial equator, the ecliptic crosses it at 
two points 180 degrees apart. These two 
points where ecliptic and equator meet are 
known as the equinoxes. The word “equi- 
nox" means “equal night." When the sun is 
at either of these points, our day is equal to 
our night in length. The point where the sun 
crosses the celestial equator about March 
21 is known as the vernal equinox. The 
point where it crosses the equator about 
September 23 is the autumnal equinox. 
Since the ecliptic crosses the equator 
at two points, the sun in its apparent jour- 
ney around the earth spends half of the year 
in the northern celestial hemisphere and 
half in the southern. Each day its right 
ascension and its declination change by a 
very little. If you have ever, over a period 
of time, watched the sun rise and set, you 
have noticed that it does not do so at ex- 
actly the same place on the horizon day af- 
ter day. At the equinoxes, the sun rises and 
sets exactly at the east and west points of 
the horizon. At that time, the days and 
nights over most of the earth are equal in 
length. From the time of the vernal equinox 
until about June 21, the sun follows the 
ascending line of the ecliptic in the North- 
ern Hemisphere. During this time, it rises 
and sets farther north each day. For those 
who live in the Northern Hemisphere, this 
makes the days increasingly longer. About 
June 21 — the longest day of the year in the 
Northern Hemisphere — the sun reaches its 
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most northerly point in the noon sky —23 Y2 
degrees north of the celestial equator— and 
its most northerly point on the horizon. 
This point in the sky is called the summer 
solstice and is just above the earth's Tropic 
of Cancer, which is 23!/» degrees north of 
the earth's equator. 

Then the sun appears to slide down the 
ecliptic toward the celestial equator and the 
days begin to shorten. About September 
23, the sun's path again crosses the equator 
and then continues on its southern course. 
For those living in the Northern Hemi- 
sphere, the nights grow longer than the 
days. About December 21, the sun reaches 
its most southerly point—the winter sol- 
stice —and the shortest day of the year for 
inhabitants of the Northern Hemisphere 
has come. This southernmost point is above 
the earth's Tropic of Capricorn, 23!» de- 
grees south of the equator. 

The ecliptic is the central line of a band 
in the heavens known as the zodiac—a 
band 16 degrees wide (8 degrees each side 
of the ecliptic). It is divided into twelve 
parts, or signs, of 30 degrees each. They are 
named for the twelve constellations through 
which the sun moves. The zodiac has no 
significance in astronomy. 


TELLING TIME 


The sun is an important factor in the 
telling of time because of its apparent year- 
long journey around the sky and diurnal 
(daily) motion. The sundial was the earliest 
timekeeping instrument. 

The time told by the sundial is appar- 
ent solar time, based on the movement of 
the sun as we see it. But the sun sometimes 
seems to proceed faster (or slower) in its 
slight daily movement toward the east than 
it does at other times. This makes it a bit 
unreliable as a clock. To make up for this 
natural deficiency, astronomers have in- 
vented what they call the mean sun, or av- 
erage sun. Its speed is an average figure 
obtained by taking the average of the real 
sun's speeds during the year. The mean sun 
is the basis of mean solar time, which is 
used for ordinary purposes. 

. Astronomers use another kind of 
time— sidereal time, or star time. It is based 
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on the sidereal day —the interval between 
two crossings of a given star across the 
meridian. It is shorter than the day marked 
out by the sun. Any star (except the sun) 
comes back to the meridian in 23 hours, 56 
minutes, and 4.09 seconds. This is the ac- 
tual period of time in which the earth spins 
once. Our ordinary solar day, however, is 
24 hours long — almost four minutes longer 
than the sidereal day. The lag is due to the 
sun's slipping back toward the east each 
day in the course of its apparent journey 
through the sky. This means, of course, that 
sidereal hours, minutes, and seconds are 
shorter than the hours, minutes, and sec- 
onds of the solar day. 


OTHER CHANGES 


The stars appear to be firmly fixed in 
their places. Actually, however, they have 
their own particular type of motion in space. 
This is called proper motion —motion 
across the line of sight, neither toward us 
nor away from us. As a result of their prop- 
er motion, the stars gradually change their 
positions with respect to one another. 
This comes about so slowly, however, that 
hundreds or thousands of years may elapse 
before we can detect the altered pattern. 

Because of gradual changes in the rela- 
tive positions of stars, the constellations 
just as gradually change form. For example, 
the constellation called Ursa Major (Great 
Bear), or the Big Dipper, actually looks like 
a dipper today. Some 50,000 years from 
now, it will resemble a flat frying pan. 

Another striking change in the face of 
the sky is caused by what is called preces- 
sion. This represents the wobbling of the 
earth on its axis. As a result of the earth's 
wobbling, the North Pole traces out a great 
circle in the skies—a circle that is com- 
pleted in a little less than 26,000 years. As 
the North Pole makes this circuit, the 
North Star is constantly changing. Right 
now, as we have observed, the star Polaris 
is closest to the North Celestial Pole and is 
our North Star. In about 12,000 years, 
Vega, in the constellation Lyra, will be the 
star nearest the pole. After the completion 
of the precession cycle, Polaris will again 
be the North Star. 
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A mid-i9th century U. S. artist's conception of some of the winter constella- 


tions as seen from middle northern latitudes. 


THE CONSTELLATIONS 


by Marian Lockwood 


_ A walk in the woods is more interest- 
ing if we can recognize the birds and their 
Songs and name at least some of the wild 
flowers and trees. A knowledge of the stars 
can, in the same way, add to our enjoyment 
of the night sky. But we can succeed in 
knowing them only if we take the time, 
night after night and season after season, to 
Observe them closely. 

As you must have noticed, some stars 
appear to be brighter than others. We can- 
not, however, tell how bright a star really is 
just by looking at it. A brilliant one that is 
faraway may seem much fainter than a less 
brilliant one that is nearer. The astronomer 
calls the brightness of a star as it appears to 
us its apparent magnitude or, simply, its 
magnitude. A first-magnitude star is about 


242 times as bright as a second-magnitude 
star, which in turn is about 2'/» times as 
bright as one of third magnitude and so on. 
The few stars that are brighter than stan- 
dard first magnitude are given minus magni- 
tudes. A list of symbols for different star 
magnitudes is given with Map 1. 

The sky is divided into eighty-eight 
(some astronomers list eighty-nine) star 
groups, or constellations. Each constella- 
tion has its own name and definite bounda- 
ries. The most conspicuous ones were 
named by stargazers several thousand 
years ago. Some have received names in 
comparatively modern times. 

Some individual stars—usually the 
brighter ones — have also been given names, 
such as Sirius and Aldebaran. Many are 
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designated by letters of the Greek alphabet 
followed by the Latin name of the constel- 
lation. For example, Sirius, the brightest 
star in the constellation Canis Major (the 
Greater Dog) and the brightest star in the 
whole sky, is also known as Alpha (a) Can- 
is Majoris. In most cases, though not in all, 
the brightest star in a constellation is the 
alpha of that group, the next brightest is 
beta, the next gamma and so on, down 
through the Greek alphabet. The letters of 
the Greek alphabet are given with Map 1. 


READING A SKY MAP 


To locate the constellations, you must 
know how the stars and the sky change po- 
sition night by night and season by season 
as well as with change of latitude. The four 
full-page star maps reproduced in this book 
show the heavens as they appear from mid- 
dle northern latitudes. In using the maps, 
remember that any given star comes back 
to the same place in the heavens about four 
minutes earlier each night. This makes a 
difference of about two hours in one month. 
A star that rises at 10 P.M. tonight will rise 
about 8 P.M. a month from now. 

Map | shows the main northern con- 
Stellations that are visible all night long 
every night of the year from Lat. 40° N. 
(40° North Latitude) northward. They 
never disappear below the horizon. 

To use Map 1, find the approximate 
date in the outer circle. If you are observing 
on November 15, for instance, and facing 
north, hold the map so that the middle of 
the section labeled November is at the top. 
Your meridian — the imaginary line running 
from the north point of your horizon 
through the zenith, or the point directly 
overhead, to the south point of your hori- 
zon — will then run exactly from the top of 
the map to the bottom. The stars on that 
line will be on your meridian about 9 P.M. 
standard time, whatever your longitude. 
Those at the bottom of the map will be 
close to the northern horizon and those at 
the top will be higher in the sky than Po- 
laris, the star that almost exactly marks the 
north pole —the central point of the north- 
ern heavens. The figures in the circle within 
the outer rim mark the hours of right ascen- 
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sion, which tell you how far east or wes: a 
star is in the sky. 

You may find it helpful, in orie» 
yourself in relation to the sky, to ho 
map over your head, as you face th: h. 


Since the stars at the bottom of the mar are 
those close to the northern horizon. |.old 
the bottom toward the north and tł p 


toward the south. 

Suppose you want to find the stars «oat 
will be on your meridian later — s l 
P.M.—on that same night, Novembe M 


Turn the map counterclockwise fr: ie 
position for 9 P.M., through two ho f 
R.A. (right ascension). The top of t ap 
will then be about halfway between ! 2 
and 3. Again, the stars at the botto: he 


map will be near the northern horizon «nd 
those at the top, above the pole. If; it 
to observe at 7 P.M. on the same nigh rn 
the map through two hours of R.A. à 
clockwise direction. 


The concentric circles in the map show 
you the declination of the stars. The cecli- 
nation of a star is its angular distance ‘rom 
the celestial equator. It will help you to ès- 
timate sky distances in degrees if you re- 
member that from the north point he 
horizon to the south point is 180°, or half a 
circle. From the horizon to the zenith is 90°. 


NORTHERN CONSTELLATIONS 


Perhaps the most familiar group of 
stars in the entire sky is the Big Dipper, 
which is part of the constellation Ursa 
Major, or the Greater Bear. You can easily 
find the Big Dipper at the bottom of Map |, 
clearly outlined by its seven bright stars. If 
you draw a line through Beta and Alpha 
(the pointers) at the outside of the Dipper's 
bowl, and extend that line about five times, 
you will find Polaris. 

Polaris is approximately over the 
earth’s north pole and is the central point 
around which the stars of the Northern 
Hemisphere turn in a counterclockwise 
direction. Polaris will always show you 
where the north is. The star is at the end of 
the handle of the Little Dipper, which you 
can see “hanging” from Polaris. The Little 
Dipper, in its turn, belongs to Ursa Minor, 
the Lesser Bear. 
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Map 1. The northern constellations 


. By drawing a line from Epsilon in the 
Big Dipper, through the polestar and be- 
yond, almost as far again, you will locate 
the constellation Cassiopeia, the Lady in 
the Chair. You will recognize it best as a 
huge W or M. Next to Cassiopeia is Ce- 
pheus, the King. This constellation is not so 
easy to see as the other groups, although 
with care you can make out its figure, al- 
most like a tent or a building with a steeple. 
The long, winding, but inconspicuous, con- 
stellation between Cepheus and the Big 
Dipper is Draco, the Dragon. His head is 
formed by a V-shaped group of stars about 
halfway around the sky between Cassiop- 
eia and the Dipper's bowl. The end of his 
tail is marked by faint stars. 


GREEK ALPHABET 


a alpha « iota p rho 

B beta K kappa o sigma 
y gamma à lambda 7 tau 

ô delta p mu v upsilon 
e epsilon v nu & phi 

¢ zeta £ xi x chi 

n eta o omicron y psi 

8 theta m pi @ omega 


THE SEASONAL MAPS 


In using Maps 2, 3, 4 and 5, choose the 
one which shows, at the bottom, the month 
in which you are observing. The hour cir- 
cles, marking the hours of right ascension, 
are given just above the names of the 
months. Let us imagine that you are looking 
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Map 2. Spring constellations, as seen from middle northern latitudes. 
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Map 3. Summer constellations, as seen from middle northern latitudes. 
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0 4. Autumn constellations, as seen from middie northern latitudes 
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Map 6. The southern constellations 


at the stars on May 20 (Map 2). This date 
will be about two thirds of the way to the 
left from the line that divides April and 
May. Hour circle 13 is approximately 
above this date. The stars that are on that 
hour circle will be about on your meridian 
at 9 P.M. standard time, May 20. The ones 
at the top of the map will be in the north, 
above Polaris; those at the bottom, in the 
southern sky. 

To locate the stars in the sky when you 
use Maps 2, 3, 4 and 5, hold the map over 
your head as you face north, with the top 
side of the map toward the north. If you 
face north, you will see the Big Dipper 
above Polaris; if you face south, the bright 
Star Spica will be almost on your meridian 
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(on May 20, 9 p.m. standard time). To help 
you orient yourself, Maps 2, 3, 4 and 5 give 
half of the north circumpolar stars. 

How do you find on your map the stars 
that will be on your meridian at, say, 11 
P.M. Or 7 P.M. on May 20? You will recall 
that at 9 p.m. the meridianal stars will be 
those on hour circle 13. To determine what 
stars will be on your meridian for later 
hours of a given night, move ahead (that is, 
to a higher hour-circle number) by the cor- 
responding number of hours of right ascen- 
sion. For earlier hours, move back to a 
lower hour-circle number. 


SPRING SKIES 


By continuing the curve of the Big 


Dipper'* handle away from the bowl, you 
will locate the bright star Arcturus, in the 
constellation Boótes, the Herdsman. Arc- 
turus is one of the first bright stars that ap- 
pears over the eastern horizon in the bright 
spring evenings. 

Going back to the Big Dipper, we 
ue the curve of the handle to 


again 

Arcturus and on down to the next brightest 
star, 1, in the constellation Virgo, the 
Maide rgo is one of the twelve constel- 
lations of the zodiac, the narrow belt in the 
sky through which the planets, the sun and 
the moon appear to move. You will notice 


that none of the zodiacal constellations are 
far from the celestial equator, which is 
marked 0 on the maps. 

N 


e southern horizon is the small 

constellation Corvus, the Crow, 
cedes Spica into the sky; its top 
: to Spica. To the west of Arctu- 
;plendid, though faint, star cluster 
known as Coma Berenices—the Hair of 
Berenice 

Once again we go back to the Big Dip- 
per as a guide group. Extend the line of 
the pointer stars backward, away from the 
pole, and they will lead you to Leo, the 
Lion, another constellation of the zodiac. 
The part of the Lion to the west resembles 
à sickle, The other conspicuous group of 
stars in Leo is a right-angle triangle, to the 
east of the sickle. Denebola, or Beta, marks 
the tip of the Lion's tail and Regulus, or Lit- 
tle King, marks the Lion's heart, at the end 
of the sickle's handle. 

To the west of Leo is Cancer, the 
Crab, also in the zodiac. It is not a well- 
defined constellation, but if you look out of 
the corner of your eye you will be able to 
make out, on a clear night, the faint star 
cluster, Praesepe, sometimes called the 
Beehive. Stretching across the southern 
sky south of Virgo, Corvus, and Leo is the 
long, faint figure of Hydra, the Sea Serpent. 
The head is composed of five stars south of 
Praesepe. 


SUMMER SKIES 


Map 3 shows the stars that you will see 
best in the night sky of summer. Just to the 
east of Boütes is a beautiful crown of stars 


which you cannot miss. It is Corona Bo- 
realis, the Northern Crown. Its brightest 
star is Alphecca, sometimes known as 
Gemma, the gem in the crown. All the 
other stars of the group are of fourth magni- 
tude. 

Just south of Corona Borealis you will 
notice, if you look carefully, an X made up 
of five faint stars. It is the head of Serpens, 
the Serpent. This constellation is closely 
associated with the large, clearly defined 
figure of Ophiuchus, the Serpent Bearer of 
Greek legend. Another group of stars, one 
to the east of Ophiuchus, is also called Ser- 
pens. The group containing the head is 
known as Serpens Caput (head) and the 
other as Serpens Cauda (tail). In your imag- 
ination you must unite them, and the trian- 
gle of stars to the west of Ophiuchus, to 
form one long serpent stretching across the 
figure of the Serpent Bearer. 

One of the most striking constellations 
in the heavens is Scorpius, the Scorpion, 
which is visible in middle northern latitudes 
just above the southern horizon in the 
summer. It belongs to the zodiac. To some 
people it looks a bit like a-fishhook. An- 
tares, the brightest star in the constellation, 
marks the heart of the Scorpion. To the 
west of Scorpius is Libra, the Scales, anoth- 
er zodiacal constellation. 

To the east of Scorpius is Sagittarius, 
the Archer, also a zodiacal constellation. 
Some stargazers see in this constellation a 
teakettle or a little dipper. Through it runs 
the brightest part of the Milky Way. As we 
look in this direction, we are gazing toward 
the center of our galaxy and out toward the 
opposite rim. 

To the east of Corona Borealis is the 
great roughly H-shaped figure of Hercules. 
The Alpha of this constellation, Ras Alge- 
thi, is not joined in our maps by dotted lines 
to the rest of the constellation. It is very 
close to Ras Alhague, the Alpha of Ophi- 
uchus. Between the stars Zeta and Eta is 
one of the most beautiful star clusters in the 
whole sky. It can just be glimpsed with the 
unaided eye. 

Following Hercules over the north- 
eastern horizon comes Lyra, the Lyre, a 
small but extremely beautiful constellation, 
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composed of a parallelogram and a triangle, 
joined together. The outstanding star of this 
group is Vega, which is brighter than first 
magnitude. It is the brightest star that we 
can see in northern latitudes in the summer 
time and the third brightest star in the 
whole sky. The northernmost star of the 
triangle of which Vega forms part is Epsi- 
lon Lyrae; it is a famous double double star, 
which you may be able to make out with 
your unaided eye. 

To the east of Lyra is Cygnus, the 
Swan. It is often called the Northern Cross, 
though the stars that form the cross are 
only some of those that make up the Swan. 
The star at the Swan's tail is Deneb. It is a 
fine blue star and forms the top of the 
Cross. 

In the Milky Way, not very far from 
the foot of the Northern Cross, is a first- 
magnitude star that is the central one of 
three. The bright star is Altair in the con- 
stellation Aquila, the Eagle; the two stars 
that flank it are much fainter. 


AUTUMN SKIES 


Map 4 shows us the autumn constella- 
tions. Using Altair and its companion stars 
in Aquila as pointers to the south, we find 
the rather faint but large group of stars that 
comprise the zodiacal constellation Capri- 
cornus, the Sea Goat. Actually the constel- 
lation looks like a tricorn hat upside down. 

Between Capricornus and Cygnus are 
two small, inconspicuous groups called 
Delphinus, the Dolphin, or Job's Coffin, 
and Sagitta, the Arrow. East of these 
groups is Pegasus, best known for its con- 
Spicuous great square of stars. The star 
Alpheratz, in the northeast corner of the 
Square, forms part of both Pegasus and the 
constellation Andromeda. 

Stretching from the Square's north- 
eastern corner, you will see an almost 
straight line of three fairly bright stars— 
Alpha, Beta and Gamma Andromedae. 
Almost directly above Beta, which is called 
Mirach, you may be able to make out with 
the unaided eye a faint, elongated patch of 
light. This is the Great Nebula in Androme- 
da—a galaxy of thousands of millions of 
Stars very much like our own Milky Way 
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galaxy. On Map 4 you will see that the line 
connecting the three stars of Andromeda 
has been prolonged almost to Algeni^, the 


Alpha of the constellation Perseus. 
Perseus is in the part of the sky f 

which a famous meteor shower —the 
seids — appears to come between ab 
10th and the 12th of August. The B 
Perseus — Algol— is one of the mos 
nating stars that the amateur ast: 
can watch. For almost exactly t: 


and eleven hours, Algol shines steadi a 
star of 2.3 magnitude. Then, in a period of 
about five hours, it decreases to magnitude 
3.5. In a second period of five hours it re- 
gains its former brilliance and onc ore 
remains at that brightness for about ffty- 
nine hours. This startling change is due to 
the fact that Algol consists of two S 


revolving around their common center of 
gravity, with the edge of the system turned 
toward the earth. One star is much brighter 
than the other. When the fainter star comes 
between us and the brighter component, 
Algol seems to be dimmed. 

Directly below the Great Square of 
Pegasus, in Map 4, is a circle of stars that 
marks the Western Fish, also called the 
Circlet, in the long ribbonlike constellation 
Pisces, the Fishes. To the east of Pisces is 
the constellation Aries. To the west there is 
a veritable cascade of stars — the constella- 
tion Aquarius, the Water Carrier, in the 
zodiac. None of the stars of Aquarius is 
bright. 

Below Aquarius and close to the 
southern horizon is the bright star Fomal- 
haut in Piscis Austrinus, the Southern Fish. 


WINTER SKIES 


There is no more superb celestial sight 
than the sky of winter, shown in Map 5. 
One of the most splendid of all the constel- 
lations is Orion, the Giant Hunter of the 
heavens. As you can see from the map, 
Orion is on the meridian about 9 p.m. on 
February 1, about 11 p.m. on January 1 and 
1 P.M. on December 1. The figure of Orion 
is roughly rectangular and easy to find. His 
right shoulder (he is facing you) is marked 
by the first-magnitude star Betelgeuse, a 
gigantic red sun hundreds of times as large 


as our own sun. Rigel, a gorgeous blue- 
white star, marks his left foot. Dividing 
Orion’s rectangle in two are the three stars 
of the belt, from which hangs the Giant’s 
sword. The top star of the belt, Delta, is 
almost exactly on the celestial equator. One 
of the most interesting objects in this con- 
stellation is the great gaseous nebula— 


M42 — which surrounds the middle star of 
the sword. You can merely glimpse it with 
the unaided eye. 

South of Aries we find the head of the 
constellation Cetus. The head is made up of 
five stars, Cetus has a remarkable long- 
period variable star Mira, known as the 
Wonderful. When Mira is at its most bril- 


liant it is usually about magnitude 3.5, al- 


though it may be even brighter. At its faint- 
est it is about ninth magnitude, far below 
the level of naked-eye vision. Mira goes 
through all its changes in a period of about 
330 days. 


Northwest of Orion we come upon the 
first-magnitude star Aldebaran, which re- 
presents the eye of Taurus, the Bull, a con- 
stellation of the zodiac. The face of the Bull 
is a V-shaped group of stars —an open star 
cluster called the Hyades. Taurus boasts 
another even more beautiful open cluster of 
stars, the Pleiades, to the northwest of the 
Bull's face. The Pleiades mark the shoulder 
of the Bull. (Only the forepart of the Bull is 
represented.) Most people can make out six 
of the Pleiades with the unaided eye. Beta 
Tauri, known as El Nath, "that which 
butts,” marks the tip of the left horn. It also 
belongs to the five-sided constellation Auri- 
ga, the Charioteer. Its brightest star is Ca- 
pella, the She-goat. Near Capella is a small 
triangle of three stars representing Capel- 
la's kids, a very good guide group to help 
you make sure you have actually found 
Capella. 

By extending the line of Orion's belt to 
the southeast, we discover Sirius, the Dog 
Star, and the brightest star in the entire sky. 
It is in the constellation Canis Major, the 
Greater Dog. Forming an almost equilater- 
al triangle with Betelgeuse and Sirius is 
Procyon, another first-magnitude star, In 
Canis Minor, the Lesser Dog. 

At Orion's left foot, Rigel, the long, 


meandering constellation Eridanus begins. 
Most of its stars are faint. 

Gemini, the Twins, a zodiacal constel- 
lation, is easily recognized by its two paral- 
lel lines of stars, with Pollux (Beta) at the 
northern head of one line and Castor 
(Alpha) at the northern end of the other. 
The constellation can be located by draw- 
ing a line from Rigel, in Orion, through Be- 
telgeuse and as far again beyond. 


SOUTHERN CONSTELLATIONS 


We turn now to Map 6, showing the 
circumpolar stars visible from midsouthern 
latitudes. The south celestial pole is at the 
center of the cross in the middle of the dia- 
gram, but there is no bright star to mark it 
conveniently for navigators in southern 
seas or skies. There is a guide to the south 
celestial pole, however: the constellation 
Crux, the Southern Cross. The longer axis 
of the Cross points almost directly to the 
south pole of the heavens. 

The two bright stars Alpha and Beta 
Centauri point to the top of the Southern 
Cross—the star Gamma Crucis. Alpha 
Centauri is a double star. It is generally 
held to be the star nearest to the earth 
(except for the sun): it is about 40 million- 
million kilometers away. However, some 
astronomers think that its faint neighbor, 
Proxima Centauri, may be a bit closer. 
Close to the Southern Cross is a famous 
dark nebula, the Coal Sack. 

The Magellanic Clouds, clearly marked 
on Map 6, are hazy objects which, through 
a telescope, are resolved into masses of 
stars, nebulas and star clusters. 

About the first of December, at the end 
of the constellation Eridanus, the star Ach- 
ernar is seen above the south pole. It is 
especially arresting since it is the one bril- 
liant object in that long stream of stars. It 
forms, roughly, a right-angle triangle with 
the two Magellanic Clouds. 

Canopus, second only to Sirius among 
the stars in brightness, is in the constella- 
tion Carina, the Keel. This constellation 
was once part of the big constellation Argo 
Navis, the Ship Argo, which in modern 
times has been broken up into several 
smaller constellations. 
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Mount Wilson and Palomar Ot stories 


The 500-centimeter reflecting telescope in position at the Hale Observatory on 
Palomar Mountain in California. 


TELESCOPES 


by Laurence W. Fredrick Ill 


Have you used field glasses or binocu- 
lars when observing a sports event or trying 
to identify a small bird high in a tree? If you 
have, then you know that after having fo- 
cused the binoculars you were able to see 
the playing field or the bird more clearly. 
Did you realize that you were focusing and 
using a pair of small telescopes? Maybe 
not. You and many people may think of 
telescopes only as instruments for observ- 
ing the sky. And, indeed, this is the main 
use of the telescope. Long before the begin- 
ning of the space age, people used tele- 
Scopes to go exploring among the stars and 
planets in the sky. And even today, with 
Space satellites and manned space flights, 
the telescope is still the basic tool of the 
astronomer. 

We are not certain who built the first 
simple telescope. Some historians give the 
credit to a Dutch lens maker, Hans Lipper- 
shey, who lived at the beginning of the 17th 
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century. The first person to use a telescope 
to look up at the sky, however, was the Ital- 
ian scientist Galileo. In 1609 he became the 
first person to see the craters and moun- 
tains of the moon, the satellites of Jupiter, 
and the phases of the planet Venus. His 
work marked the beginning of modern ob- 
servational astronomy. 

The telescopes with which we are most 
familiar are optical telescopes. Optical tele- 
scopes are used to observe visible light. 
There are other kinds of telescopes as well, 
designed to observe other forms of radia- 
tion: radio waves, infrared and ultraviolet 
light, X rays, and so on. The general princi- 
ples by which telescopes work are just 
about the same in all cases, but there are 
great practical differences in design. 


WHAT TELESCOPES DO 


The word “telescope” means “to see 
at a distance." This is the purpose for 


lileo and other early astronomers 
instrument and for which smaller 


telescopes are used on the earth today. 
Howevėr, the main purpose of the giant 
modera telescopes is not to see fine details 
ata distance. Instead, it is to collect light. 
ri r the telescope, the more light 
it will t. To understand this, imagine a 
gentle rain falling on two buckets of equal 
size. O ucket has a cover over it, with a 
hole one half the diameter of the bucket. 
The other bucket has no cover. Clearly, the 
open bucket will collect more rain than the 
half-covered one. It will do so in proportion 
to t! ifference in the size of the bucket 
openings. Similarly, a telescope with a larg- 
er len ning will collect more light than a 
telescope with a smaller opening. The great 
value o: the giant telescopes is that they can 
collect light from very faint objects in the 
night sk 
other important purpose of a tele- 
scope is to let us see the fine details of dis- 
tant objects. The ability of the telescope to 
reveal such details is known as its resolving 
power. The resolving power of a telescope 
is directly proportional to the diameter of 
the tclescope's lens or mirror. Thus it 


would seem that the largest telescopes 
should have the greatest resolving power. 

However, things do not work out that 
way for earth-based telescopes. The reason 
is the earth's unsteady atmosphere. The 
atmosphere has regions of different density. 
As the atmosphere moves about, these dif- 
ferences cause light rays to bend this way 
and that. This bending of light rays inter- 
feres with the resolving power of large 
earth-based telescopes. In fact, the earth's 
atmosphere is so unsteady that the resolv- 
ing power of a 25-centimeter telescope is as 
good as an astronomer is going to achieve. 
Large telescopes do not have any better 
resolving power. 


LOCATING A TELESCOPE 


. . Atelescope must be properly located if 
it is to collect as much light as possible. A 
dark sky as free as possible from human 
lights is needed to observe faint celestial 
Objects. Also, to get a steady image, the 
atmosphere should be clear and dry. These 


conditions are usually best met on remote 
mountains. Unfortunately, mountains that 
are remote from civilization one year may 
not be so far away a few years later. Some- 
times compromise locations are chosen to 
provide better coverage for one or the other 
telescopes at different times of the year. 
For example, telescopes located in Cali- 
fornia have their best observing times in 
the spring and summer, while those located 
in Arizona have theirs in the fall and 
winter. 


Simple reflecting telescopes were first built in the 
17th century. Below: one of Sir Isaac Newton's tele- 
scopes. Bottom: one invented by the English in- 
ventor John Hadley. 
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REFRACTING AND REFLECTING 
TELESCOPES 


There are three general types of optical 
telescopes: refracting telescopes, or refrac- 
tors; reflecting telescopes, or reflectors; 
and telescopes that combine features of 
both types. 

Refracting telescopes, the type often 
depicted in comic strips, are easy to under- 
stand. A refracting telescope consists of a 
long tube. At one end of the tube is a large 
convex (outward-bulging) lens. This lens is 
called the objective. It is the part of the tele- 
scope that gathers light from a celestial ob- 
ject. The lens bends the light rays. This 


Palomar Mountain 120-centimeter Schmidt tele- 
scope, Schmidt telescopes combine features of 
reflectors and refractors. 


Mount Wilson and Palomar Observatories 
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bending is called refraction. It brings the 
incoming light rays to a focus to produce an 
image. The image is then magni? 
made to seem larger, and viewed t} 
lens device known as an eyepiece. || 
piece is located at the other end : 
telescope tube. 


Reflecting telescopes have a nore 
complex design. In a reflecting telescope, a 
glass mirror with a curved surface «! sped 
like the headlamp of an automobile sed 
as the objective. The mirror gathe-s and 
focuses incoming light rays to a poin: called 
the prime focus. This point is in front of the 
mirror. How, then, do you manag: ee 
the image without getting in the wav o^ the 
incoming light? The fact is that in al] bui the 
largest telescopes the prime focus cx: not 
be reached by the obgerver. A second mir- 
ror is placed near the prime focus ad is 


used to relay the light beam elsewhere - to 
a place convenient for the observer. In 
some cases, a flat mirror, set at a 45° angle 
to the axis of the telescope tube, is used to 
place the focus just outside the tube. This 
arrangement is known as Newtonian jocus. 
This design is named for the 17th century 
mathematician-astronomer Isaac Newton, 
who first developed it. This type of focusing 
arrangement is very popular in small, 
amateur reflecting telescopes. 

Another solution involves using a 
curved mirror to intercept the light beam. 
This mirror sends the beam back through 
à hole in the main mirror so that it comes to 
a focus behind that mirror. This arrange- 
ment is known as Cassegrain focus. It is 
the one probably most used for reflecting 
telescopes by professional astronomers. 
There are other possible focusing arrange- 
ments, however. 

The common caricature of an astron- 
omer peering into the eyepiece of a tele- 
scope is really not accurate. Astronomers 
rarely spend any time doing this. Most of 
the time that a telescope is being used, it is 
guided and moved automatically. Desired 
images of the sky are recorded on photo- 
graphic plates. When it is necessary for the 
astronomer actually to "see" something 
through a telescope, it is usually done with 
a television system. 


COME ON TELESCOPES 

ird type of optical telescope is 
one t! mbines refracting and reflecting 
meth: uch telescopes are often used to 
achic ide field of view or to achieve a 
very | scale image in a short distance. 

hat enters such a telescope pass- 
es thi ı very weak lens called a correc- 
tor p it then strikes a spherical mirror 
and c o a focus. Unlike parabolic mir- 
rors cal mirrors by themselves do 
not : ood telescope objectives. They 
don iz all of the light to the same fo- 
cus ; why the weak corrector plate is 
used 'rrect this unwanted condition. 

t and most famous telescope of 
this ned type is called the Schmidt 
teles ifter the German optician Ber- 
nard idt, who designed and built it. 
The r ommon telescope for providing 
large images is the Bouwers-Maksu- 
tov s$ named for the Dutch and Rus- 
sian opticians who developed the system 
inde; ntly of each other. In this system, 
the si: /sces of the corrector plate are also 
spheri as is the mirror. The system is 
used as a telephoto lens in photography. 
LENSES VERSUS MIRRORS 


Ihe very first telescopes were simple 
lenses, but the advantages of mirrors were 
quickly recognized. Mirrors can be sup- 
ported at the back as well as at the sides, 
making larger systems easier to design. 
Also, the glass of the mirror does not need 
to be perfect except at its reflecting surface, 
since the light does not pass through it. The 
glass of a lens has to be free of faults. 

Actually, the earlier large telescopes 
were reflectors that used not glass but metal 
mirrors, made of speculum—a nickel com- 
pound that took a good polish. The specu- 
lum tarnished easily, however, and it was a 
nuisance to take the telescope apart every 
few weeks to repolish the mirror. In addi- 
tion, the speculum performed poorly, pro- 
ducing very distorted images when temper- 
ature changes occurred. Therefore these 
telescopes fell into disfavor. Until the craft 
of making large mirrors developed further, 
very large reflectors would not be built. 


Courtesy of The Perkin-Elmer Corporation 


The 240-centimeter primary mirror for NASA's 
space telescope is lifted from the vacuum chamber 
in which it was given its reflective coating. 


On the other hand, a major problem of 
early refracting telescopes was that the lens 
distorted the image. A lens bends light of 
different wavelengths at different angles. 
This results in a spread of color known as 
chromatic aberration. Toward the end of 
the 17th century, astronomers learned how 
to combine two or more lenses to correct 
for chromatic aberration. Thereafter, re- 
fractors became the most commonly built 
telescopes over the next two centuries. The 
largest of all is the 102-centimeter tele- 
scope at Yerkes Observatory in Wisconsin, 
U.S. Lenses can hardly be made larger than 
that, because glass at this size begins to 
deform under its own weight. 
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Arizona 


The Multiple-Mirror Telescope uses six mirrors to create the light-gathering 


power of a large telescope. 


Starting in the early 20th century, larg- 
er and larger reflecting telescopes began to 
be built. The reason was that suitable mate- 
rials had been found for the great mirrors. 
In order for reflectors to perform well, their 
mirrors must expand and contract as little 
as possible in response to temperature 
changes. Glass and metal will not do well, 
but astronomers found that Pyrex and 
quartz are good for this purpose. Today 
there are materials available that scarcely 
change at all with temperature. None of the 
great modern reflecting telescopes has a 
mirror made of common glass. 

One of the solutions to the problem of 
building ever larger telescopes to reveal 
ever more distant objects has been the de- 
velopment of the Multiple-Mirror Tele- 
scope (MMT). On the summit of Mount 
Hopkins in Arizona, an array of six com- 
puter-controlled, 183-centimeter primary 
mirrors work in concert to produce an 
image that under ideal conditions is equiv- 
alent to that of a reflector with a diameter 
of almost 700 centimeters. A joint project 
of the Smithsonian Astrophysical Observa- 
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tory and the University of Arizona, the 
MMT was inaugurated in 1979. It is housed 
in a four-story, cubelike observatory that 


rotates smoothly with the telescope itself. 
TELESCOPE MOUNTINGS 


Most telescopes are not fixed rigidly in 
one position. They are mounted so that 
they can be turned in one direction or an- 
other. The reason for this is that celestial 
objects appear to change their positions in 
the sky. If light is to be collected from a 
faint star, the telescope has to be able to fol- 
low the star. Most of the movement we 
observe is due to the fact that the earth is 
rotating on its axis. As the earth rotates 
from west to east, celestial objects appear 
to rise in the east and move westward. 

The earliest telescopes were simply 
moved by hand. For a long while thereafter, 
telescopes were driven by weights, just as 
cuckoo clocks are. Today almost all tele- 
scopes have motor drives that are con- 
trolled electronically. Many have automatic 
devices, and some use computers, to re- 
lieve the astronomer of having to be con- 


both pl 2vo8i!, from Sovfoto 


The la eflecting telescope in the world has 
been cc əd by the Soviets in the Caucasus 
Mount ye 600-centimeter parabolic mirror is 


show at its final polishing before it was 


installs telescope. The telescope has an 
altitude thal mounting. It can swing up and 
down s a rotating base (right). 

cerned with the details of telescope setting 
and mc rent. The telescopes are very 


carefully balanced on their mountings so 
that they can move smoothly and with little 
effort. 

Astronomers refer to the moving of a 
telescope as tracking, since the instruments 
are actually tracking objects as they move 
across the sky. The kind of tracking that is 
possible depends on the way in which the 
telescope is mounted. Optical telescopes 
(and many radio telescopes) are mounted 
equatorially. That is, they are mounted in 
the equatorial coordinate system used in 
Mapping the stars. This coordinate system 
Corresponds to the system of latitude and 
longitude used to map the earth’s surface. 
In the equatorial system, latitude is called 
declination and longitude is called right 
ascension. 

An equatorial mounting has two axes 
around which the telescope may be turned. 
One is the polar axis, which allows the tele- 


scope to follow a star as it appears to move 
from east to west across the sky. The other 
axis is called the declination axis. It allows 
the telescope to be pointed toward stars 
higher or lower above the horizon. 

Suppose a given star is to be tracked. 
In theory, an equatorially mounted tele- 
scope need only move around its polar axis 
as it follows the star across the sky. This is 
true for small telescopes. However, large 
telescopes must use the declination axis as 
well. The reason is that the atmosphere acts 
as a lens, bending the light from the star and 
causing it to appear slightly higher in the 
sky than it actually is. This effect becomes 
stronger the nearer the star is to the hori- 
zon. Therefore the telescope must keep 
moving slightly around its declination axis 
to adjust for this effect and keep the star in 
focus. 

Not all telescopes are mounted in this 
way. For example, there is a special-pur- 
pose telescope known as a photographic 
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Kitt Peok National Observatory 
Above: reconstructed image of the star Betelgeuse. 
Astronomers at the Kitt Peak Observatory were the 
first to observe the surface of a star other than the 
sun. Right: Dr. Roger Lynds, one of the scientists, 
at the secondary focus of the 400-centimeter re- 
flecting telescope used in the work. 


zenith tube. This is a refracting telescope 
that is always pointed toward the zenith— 
the point in the sky directly above the ob- 
server. A photographic plate holder is lo- 
cated directly behind the telescope lens, 
facing downward. As a star passes near or 
through the zenith, its image is reflected off 
the surface of a pool of mercury below the 
lens and onto the photographic plate. This 
kind of telescope is used for keeping an 
accurate check on celestial time. 


COLLECTING OTHER RADIATION 


Modern astronomy is interested in 
other forms of radiation from the sky in 
addition to visible light—radio waves, in- 
frared and ultraviolet radiation, and so on. 
The telescopes used for collecting such ra- 
diation must be somewhat different in de- 
sign from visible-light telescopes. 

These design differences involve re- 
solving power. The resolving power of a 
telescope is proportional to the wavelength 
of the incoming radiation. All other things 
being equal, a telescope working at a visi- 
ble-light wavelength of about 5,000 Ang- 
Stroms has twice the resolving power that 
it does when working at a wavelength of 
10,000 Angstroms—the near infrared. (1 
Angstrom — 0.00000001 centimeter.) 
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Kitt Peak N 


Opticians polish a telescope mirr: 
an accuracy of one-eighth the wavelen:th 
at which the telescope is to operate. T} 
fore if a telescope is being made to ope: 
at 200,000 Ángstroms —the far infrared — it 
needs to be polished to an accuracy ly 
one-fortieth that of the telescope designed 
to collect visible light at about 5,000 Ang- 
stroms. Such roughly polished telescopes, 
which are made for collecting in the far 
infrared, are often called light buckets. 

The resolving power of a telescope is 
also inversely proportional to the width of 
its aperture — its lens or mirror or other re- 
ceiving surface. That is, at a given wave- 
length, a telescope with an aperture twice 
as wide as that of another telescope has 
twice the resolving power. If a telescope 
operating at 10,000 Ángstroms is to have 
the same resolving power as a telescope 
operating at 5,000 Angstroms, it must have 
an aperture twice as wide. 

By the time that wavelengths as long as 
those of radio waves— much longer than 
the infrared —are reached, this becomes a 
major problem. A radio telescope working 
at a wavelength of 50 centimeters would 
need to have an aperture 1,000,000 times 


Lick Observotory 


The 300-centimeter reflecting telescope at the Lick 
Observatory at Mount Hamilton, California. It is 
used to study interstellar space and stars. 


as wide as a telescope working at a wave- 
length of 5,000 Angstroms, if the same re- 
solving power were to be provided. This 
would amount to a width of 5,000 kilome- 
ters. Such a telescope is clearly impossible. 
Something else can be done, however. Two 
radio telescopes placed at a distance from 
each other but connected by a cable can be 
made to act as a single telescope. The effect 
is to achieve a telescope as wide as the 
distance between the two receivers. Of 
course, the two smaller telescopes do not 
collect as much radio energy from the sky 
às would a single enormous radio telescope. 
A system of two or more telescopes ar- 
ranged for this purpose is called an inter- 
ferometer. For a more detailed discussion 
of radio telescopes and the work done 
With them—alone and together with 
Optical telescopes—see the article “Radio 
Astronomy" in The New Book of Popular 
Science. 

But what about wavelengths that are 
Very short, much shorter than visible and 
ultraviolet light? At such short wavelengths 
the astronomer is dealing with particles. 
In this case, he often uses particle count- 
ers instead of trying to obtain a telescope 
image. 


TELESCOPES OF TOMORROW 


By using the various kinds of tele- 
scopes that have been described, astrono- 
mers are slowly putting together a more and 
more complete picture of the universe. 
Telescopes in the near future are not likely 
to be very different from those of today. 
There will be small changes brought about 
by advancing technology rather than revo- 
lutionary changes in design and concept. 
An exciting advance is expected to come in 
space astronomy, with large telescopes 
placed in orbit and maintained by space 
shuttle—free of the earth's obscuring at- 
mosphere. A 240-centimeter reflecting tele- 
scope is scheduled for launch by NASA in 
1986. As more such instruments are devel- 
oped, we should gain a much better under- 
standing of the universe. 


Balloon-borne telescopes function free of some of 
the interference caused by the earth's atmosphere. 
Photo below shows an L-shaped telescope about 
to be launched. 
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IMPORTANT OPTICAL OBSERVATORIES AND THEIR TELESCOPES 


Observatory 


Allegheny O. 
Argentina National O. 
Astrophysikalisches O. 
Australian National O. 


Boyden Station (Armagh O., 
unsink O., Hamburg O., 
Stockholm O., Uccle O.) 
Cerro Tololo Inter-American O. 


Canada-France-Hawaii 

Crimean Astrophysical O. 

David Dunlap O. (U. of Toronto) 

Dominion Astrophysical O. 

European Southern O. (Belgium, 
Denmark, France, Holland, Sweden, 
West Germany) 

Hale O. 

(Mt. Wilson and Palomar 
Observatories) 


Harvard College O., Agassiz Sta. 
Haute-Provence O. 

Kitt Peak National O. 

La Plata O. 


Las Campanas O. (Carnegie 
Institution of Washington) 


Lick O. (U. of California) 


Lowell O. 
Mauna Kea (U. of Hawaii) 
McDonald O. (U. of Texas and 
U. of Chicago) 
Mt. Hopkins O. 
Mt. Stromlo O. 
National Astronomical O. of Mexico 


Observatoire de Paris 
Okayama Astrophysical Station 
Ondrejov O. 

Radcliffe O. 

Republic O. Annexe 

Royal Greenwich O. 
Shemakha Astrophysical O. 
Smithsonian Astrophysical O. 
Steward O. (U. of Arizona) 
Tautenburg O. 

South African O. 

U.S. Naval O. 


Universitats-Sternwarte 
University of Padua O. 
Nice O. 

University of Toulouse O. 


Uppsala O. (Kvistaberg Station) 
Yerkes O. (U. of Chicago) 


Zelenchuskaya Astrophysical O. 


Location 


Pittsburgh, Pennsylvania 

Bosque Alegre, Argentina 
Potsdam, GDR 

Siding Spring Mtn., Australia 
Mazelspoort, Rep. of South Africa 


Cerro Tololo, Chile 


Mauna Kea, Hawaii 

Central Crimea, USSR 
Richmond Hill, Ont., Canada 
Victoria, B.C., Canada 
Cerro La Silla, Chile 


Mt. Wilson, Palomar Mountain, 
California 


Harvard, Massachusetts 
Saint Michel-l'Observatoire 
Kitt Peak, Arizona 

La Plata, Argentina 

Las Campanas, Chile 


Mt. Hamilton, California 


Flagstaff, Arizona 
Mauna Kea, Hawaii 
Mt. Locke, Texas 


Amado, Arizona 
Canberra, Australia 
Baja California, Mexico 


Meudon, France 
Kamogata, Japan 
Ondrejov, Czechoslovakia 
Pretoria, Rep. of South Africa 
Hartbeesport, Rep. of South Africa 
Herstmonceux, England 
Shemakha, Azerbaijan 
Mt. Hopkins, Arizona 
Kitt Peak, Arizona 
Tautenburg, GDR 
Johannesburg, Rep. of South Africa 
Flagstaff, Arizona 

Washington, D.C. 
Vienna, Austria 
Asiago, Italy 
Nice, France 
Pic du Midi, France 


Bro, Sweden 
Williams Bay, Wisconsin 


Caucasus Mts., USSR 


"Six mirrors used 


Type of 
Telescope 


Refracting 
Reflecting 
Refracting 
Reflecting 


Reflecting 
Schmidt 


Reflecting 
Schmidt 

Reflecting 
Reflecting 
Reflecting 
Reflecting 


Reflecting 
Reflecting 
Schmidt 


Reflecting 
Reflecting 
Schmidt 


Reflecting 
Reflecting 
Reflecting 
Reflecting 
Reflecting 


Reflecting 
Refracting 
Reflecting 
Reflecting 


Reflecting 
Reflecting 


Reflecting 
Reflecting 


Reflecting 
Schmidt 


Refracting 
Reflecting 
Reflecting 
Reflecting 
Reflecting 
Refracting 
Reflecting 
Reflecting 
Reflecting 
Schmidt 

Refracting 


Reflecting 
Refracting 


Refracting 
Reflecting 
Refracting 


Refracting 
Refracting 


Schmidt 


Refracting 
Reflecting 
Reflecting 


Aperture 


180 cm 
220 cm 


270 cm 
210cm 
690 cm* 
190 cm 
150 cm 

66 cm 

83cm 
190 cm 
200 cm 
190 cm 
190 cm 

71 cm 
200 cm 
150 cm 
230 cm 
130 cm 

67 cm 


150 cm 
66 cm 


67 cm 
180 cm 
76 cm 
60 cm 
105 cm 
99 cm 


102 cm 
100 cm 


600 cm 


together with the light- 


gathering equivalent of a single mirror this size. 


USS. Forest Service Photo by Roger M. Williams 


Some astronomers believe that Wyoming's Big Horn Medicine Wheel could have 
been a prehistoric observatory. The unusual arrangement of stones could have 
served as sighting points for observations of the sun. 


OBSERVATORIES 


by John B. Irwin 


. An astronomical observatory is a sta- 
tion—a building or group of buildings —for 
the study of the sky. It houses the tele- 
scopes and other devices with which the 
astronomer works. Often we call a station 
of this type simply an “observatory,” but 
when we do so, the word “astronomical” is 
always understood. There are other kinds 
of observatories. Meteorological observa- 
tories are concerned with the weather; 
Magnetic observatories, with the earth’s 
magnetism; seismological observatories, 
with earthquakes. These observatories are 
always known by their full names. 

This article deals with observatories 


that house optical telescopes. Some of 
these, plus other astronomical observato- 
ries, also include radio telescopes, anten- 
nae, and other equipment for the reception 
and analysis of radio waves and other invis- 
ible radiation from outer space. The study 
of this invisible astronomy is discussed in 
part in the article “Radio Astronomy.” 


THE LOCATION 


The site of an observatory devoted to 
optical astronomy must be as carefully se- 
lected as the instruments that will be 
housed in it. If the observatory is in a low- 
lying or comparatively low-lying area, the 
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image that appears in the lens or the mirror 
of a telescope will be faint and distorted. 
The reason is that the lower layers of air are 
often filled with ground fog or low-lying 
stratus clouds, as well as with a haze of dust 
or smoke. Nearness to a city is as much an 
obstacle to good viewing as low altitude. 
The lights of a great city can effectively blot 
out the fainter stars. Many an observatory 
originally built “out in the country" has had 
its effectiveness seriously reduced by the 
encroaching suburbs of a city. 


For the best viewing, an observatory 
should be constructed on a height and in as 
isolated a place as possible. The English 
scientist and mathematician Isaac Newton 
pointed out the advantages of a high-alti- 
tude site. He wrote: “The Air through 
which we look upon the Stars is in perpetu- 
al Tremor. . . The only Remedy is a most 
serene and quiet Air, such as may perhaps 
be found on the Tops of the highest Moun- 
tains above the grosser Clouds." But evena 
mountain peak does not always make a per- 


Mount Wilson Observatory in California. This photo shows a typical observatory 
with slit in the movable dome open to allow viewing through the telescope. 
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Mt. Wilson and Palomar Obser 


fect site for an observatory. Its crest, as any 
experienced mountaineer will tell you, is 
sometimes anything but “serene and quiet” 
produce its own storms. Yet when 
are right, mountain observato- 
r unparalleled viewing. Visitors to 

vatories often marvel at the bril- 


such o! 
liance and great numbers of visible stars 
and are awed by the magnificent appear- 
ance of the Milky Way. 
THE C 

The first thing that strikes the eye as 
one aj aches a typical large observatory 


is the white, hemispherical structure called 
the dome. There may be more than one. 
The telescope is housed within this struc- 
ture. The longer the telescope, the larger 
the dome. The dome protects the telescope 
from the sun, rain, wind, dust, and heat. An 
opening, or slit, in it is kept covered when 
the tel »e is not in use. It is opened up 
by means of sliding or folding panels when 
the : ;omer is ready for observing. At 


night, as the telescope follows a star in its 
apparent rising and setting, the dome is ro- 
tated. {i is driven by electric motors and 
rolls on a smooth track. 

The dome is painted white with a spe- 
cial paint, so that it will reflect as much of 
the sun’s heat as possible and not absorb it. 
The temperature must be kept the same in- 
side and outside the dome. If it is hotter in- 
side, the air will well up and “bubble” 
through the slit, thus spoiling the image that 
strikes the telescope lens or mirror. Some- 
times large fans are located on the inner 
walls to circulate the cool night air inside 
the dome. Often a canvas or metallic wind 
screen is provided. This can be raised or 
lowered in the slit opening to protect the 
long barrel of the telescope from buffeting 
by the wind. 


TELESCOPES AND THEIR MOUNTING 


Telescopes are the focal points of ob- 
servatories. Some of them look like gigantic 
spy glasses, with a large lens at one end of a 
long tube and an eyepiece (or, more com- 
monly, a plate-holder) at the other. Such 
telescopes are called refractors. Their size 
is indicated by the diameter of the large 


lens. The largest refractor in the world, at 
the Yerkes Observatory in Wisconsin, has 
a lens with a diameter of 102 centimeters, 
and a tube that is about 18 meters long. 

Other telescopes—the reflectors — are 
quite different in shape. They have a great 
reflecting mirror set at the bottom of the 
large tube, which is not usually a closed cyl- 
inder but a skeletal structure. The starlight 
that is reflected from the mirror converges 
upward and comes to a focus —called the 
prime focus —at or near the top of the tube. 
As we shall see, the converging rays are 
made available for observation in several 
ways. The largest telescopes in the world 
are of the reflector type. The largest is the 
600-centimeter telescope at the Special 
Astrophysical Observatory in the Soviet 
Caucasus mountains. The Hale telescope 
in California has a mirror diameter of 500 
centimeters. 

A large telescope, whether of the re- 
fractor or reflector type, is mounted on 
giant piers, solidly fixed in bedrock and 
built to a great height. The piers must be 
completely independent of the dome and 
the rest of the building. If the building were 
set to vibrating by the wind, by the motors, 
or by people walking about, the vibration 
would be transmitted to the telescope, and 
the image would be hopelessly blurred. 

The telescope rotates about two axes 
—polar and declination. The polar axis is 
parallel to the axis of the earth. As our 
planet rotates from west to east, the appar- 
ent motion of the heavens in the opposite 
direction must be compensated for in order 
to keep a given celestial body exactly cen- 
tered. The telescope is made to turn about 
the polar axis, by means of a motor or 
clockwork, at just the right speed to keep 
up with the stars. The declination axis is 
perpendicular to the polar axis. Rotation 
about the declination axis sets the telescope 
in the north-south direction. 


ADJUSTMENTS FOR VIEWING 


The astronomer looks through an eye- 
piece that may magnify 500 times or more. 
By means of small electric motors connect- 
ed to gears, the astronomer carefully and 
frequently adjusts the telescope pointing. 
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The body that is being observed must be 
centered either on the magnified image of a 
pair of illuminated crosswires or on the nar- 
row slit of a spectrograph, through which 
the light of the star is to be directed. A 
spectrograph is a device that spreads out, 
or disperses, light into its component wave- 
lengths or colors, which are then recorded 
photographically. Each color corresponds 
to a definite wavelength. 

In the domes that house large tele- 
scopes, a platform, or in some cases the en- 
tire floor, is raised or lowered by means of 
electric motors or hydraulic pumps to make 
the eyepiece comfortably accessible. In 
some cases, an adjustable observing ladder 
is provided. 

In the case of certain reflecting tele- 
scopes, the starlight reflected from the mir- 
ror at the bottom of the tube is made to 
strike a small mirror at or near the top. 
From there, it is directed at a 90° angle to 
an eyepiece set at the side of the tube. This 
is called the Newtonian focus. The observ- 
er is stationed here on an observing plat- 
form that may be raised or lowered, as re- 
quired. 

The 500-centimeter Palomar reflector 
and the 300-centimeter reflector at the Lick 
Observatory near San Jose, California, are 
so large that it is possible for the observer 
to operate at the prime focus in a little cage 
centered in the top of the tube. The per- 
centage of the starlight cut off by such a 
Cage is not serious, As the telescope is fo- 
cused on one star after another by making 
adjustments on a control panel far below, 
the astronomer in the cage may have a rath- 
er thrilling ride through the night. 

There are more convenient systems for 
Observing than those we have just de- 
scribed. In some telescopes, a small curved 
mirror is located near the top of the reflec- 
tor tube, The mirror sends the reflected 
light from the mirror back again down the 
tube and a hole in the main mirror. 
The light then reaches what is called the 
Cassegrain focus. This place—back of the 
big mirror and near the floor level—is 
much more convenient for observing than 
the Newtonian focus, near the top of the 
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Even more convenient is the so-called 
coudé focus, at the lower end of the polar 
axis. It may take from two to four mirrors 
to get the light to this point, which is often 
in a temperature-controlled room. A very 
large, efficient, and stationary spectrograph 
can be located here. 

The very large reflectors have a small 
field of view. They can sound the great 
depths of space in this direction and that, 
but they cannot give the complete overall 
picture. To supplement the work of such 
instruments, smaller wide-angle t« lescopes 
with an extended field of view are required. 
The smaller telescopes can do many jobs 
more quickly and effectively. 

A telescope is a complex research de- 
vice, which may serve in various ways. The 
earlier astronomers relied entirely on visual 
observation —that is, examining the desired 
Object through the eyepiece of the tele- 
scope. This method is used only to a limited 
extent by modern astronomers. It has been 
largely replaced by various other types of ^ 
observation. " 
TELESCOPE AS A CAMERA LENS 


The telescope now very often serves 
às a giant camera, in which the telescope 
mirror or a mirror-lens combination 
sometimes called a Schmidt telescope is 
substituted for the camera lens. The light of 
à star or galaxy is directed to a photographie 
plate or film, where it is recorded. Much re- 
search astronomy is now conducted by this 
method. The entire sky has been photo- 
graphed over and over again using different 
focal lengths, emulsions, and exposure 
times. A photographic plate can provide a 
permanent and easily duplicated record of a 
host of fine details in an object such as a 
galaxy —details much too faint to be seen 
by the observer stationed at the eyepiece. 

Sometimes the light of a star or galaxy 
is not photographed directly, or even at all. 
A large telescope mirror may be used to 
gather up a large column of starlight and to 
focus the star—perhaps invisible at the 
eyepiece—onto a specially prepared alka- 
line surface. Through a photoelectric pro- 
cess, the light is converted into an electric 
current, which can be measured. 


vatory on Mt. Hamilton 


California, one of the first observatories 


t j States, houses both reflector and retractor telescopes 


ors of a star can also be pre 
cise d. A series of colored glass 
filt terposed in the beam of light 
cor the mirror of a reflector. Anal 
ysi olors helps determine the tem 
pe d brightness of the stars. The 
redd id absorption of light due to the 
du the stars and galaxies gives 
mt ble information about the com 
posit iterstellar materials 

irge reflector is used with spec 
tre vhich separate the incoming 
starli to its component colors, For 
the br t objects, the observable range 
of c nay cover a large area of a photo 


te. For faint stars, the area is 
|. By the analysis of spectro 


gram otographic records made by 
pect iphs —the astronomer can obtain 
invaluable information about the compost 
tion of the stars, their motion in space, and 
other matters 

It must not be thought that the astron 
omer dispenses entirely with visual obser 


vation while doing direct photography, 
making 1otoclectric measurements, OF 
ising color filters or spectrographs. In all 

es, the astronomer either looks at the 
Object being studied to bring it into clear 
focus or else looks at a nearby guide or 
reference star 

Certain specially designed instruments 
are used at solar observatories. One of 
these is the coronagraph, which makes it 


possible to observe the sun's corona, or 
outer layer, by producing the optical condi 
tions of a solar eclipse, The telescopes used 
for studying the sun are much longer than 
ordinary telescopes and are usually housed 
in tunnels or towers. They cannot be 
moved, They capture sunlight through sys 
tems of mirrors that are trained to follow the 
sun. The solar telescopes at Sacramento 
Peak, New Mexico, and at Cambridge, En 
gland, are housed in vertical towers, On the 
other hand, the entire four-story building 
that houses the Multiple-Mirror Telescope 
at Mt. Hopkins, Arizona, rotates 


MANY TASKS 


The astronomers working at observa 
tories carry out a variety of tasks At some 
observatories, they determine the correct 
time by observing the passage of certain 
The Naval Ob 


servatory of the United States has such a 


stars across à given point 


time service. Every clear night, trained as 
tronomers at Naval Observatory stations in 
Washington, D.C., and in Richmond, Flori 
da, photograph the stars às they pa 
ly overhead. After much measurement and 


calculation, the results of these ot 


near 


erva 
tions are used to cak slate "universal time 


which is based on the rotation of the 


carth 
Astronomers also calculate exact lati 


tude and longitude, International bounda 
ries are fixed on paper by international trea 
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ties but are actually marked out on the 
earth through the observation of the stars. 
To determine latitude and longitude re- 
quires stellar observations of the most deli- 
cate nature, together with the knowledge of 
the positions and motions of thousands of 
stars. The David Dunlap Observatory at 
Richmond Hill, Ontario, Canada, special- 
izes in this work. It uses a 188-centimeter 
reflector telescope to calculate the positions 
and velocities of the visible stars. 

The determination of time, latitude and 
longitude, and the calculation of star posi- 
tions form what is known as fundamental 
astronomy. At the present time, this type of 
work is done in a comparatively small 
number of observatories. 

Another important task of astronomers 
is to prepare photographic star maps show- 
ing the celestial bodies in the heavens. In 
1887, under the auspices of the Interna- 
tional Astronomical Union, about eighteen 
observatories all over the world began 
working on a map of the sky. Telescopic 
cameras of the same focal length and scale 
were used in obtaining the necessary pho- 


tographs. Work on this gigantic cooperative 


venture has now been completed. About 
4,500,000 different stars have been re- 
corded on more than 20,000 different 
photographic plates. The exact positions 
of a great many of these stars have been 
measured and recorded in catalogues 


printed in many languages. 

Another photographic survey of the 
sky was done under the auspices of Mt. 
Palomar and the National Geographic 
Society. This survey was made with the 


120-centimeter Schmidt telescope on 
Mount Palomar and recorded stars from 
the North Celestial Pole to —33^ declina- 
tion. Several hundred million stars to 21st 


magnitude have been photographed in this 


unexcelled survey. These magnificent 
charts are primarily used for identifica- 
tions and statistical work. 

Positional astronomers use photo- 


graphs of zones of the sky taken with long 
focal-length telescopes to obtain accurate 
positions of the stars and other tial 
objects. A series of photographs repeated 
several years later can provide the motions 


Stonehenge may have been an early Observatory. The stone arrangements can be used to 


calculate the position of the sun during an eclipse. 
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of celestial bodies. Perhaps the most im- 
portant surveys of this type have been done 
by the Yale Observatory, in the United 
| by groups of cooperating ob- 
, in Europe. 

observatories study the surface 


features and the composition of the sun. 
They also conduct important research on 
the nature and quality of solar radiation. 


This radiation affects the ionosphere, the 
atmospheric layer that plays an important 
role in radio transmission. The Space En- 
vironment Laboratory of the U.S. National 
Oceanic and Atmospheric Administration 
issues monthly forecasts of ionospheric 
conditions based on the study of solar ra- 
diation. 

There are many other kinds of pure 
observatories. 


research carried on at 

Among the fields of investigation are the 
proper motions, or apparent drifts, of the 
stars; their composition; their magnitudes, 


or brightnesses; the classification of their 
spectra; solar eclipses; the absorption of 
light by interstellar particles; and the gen- 
eral structure, chemical composition, and 
age of the universe. The Harvard Observa- 
tory published one of the largest cata- 
logues of star brightnesses and star spectra. 

In research carried on in an observato- 
ry, a great deal depends not only on how 
the stars are observed but on what stars are 
observed, For example, an astronomer with 
a 90-centimeter telescope equipped with a 
good photoelectric photometer can mea- 
sure — with some effort — the magnitude and 
color of any of a hundred million stars. The 
astronomer must make a choice as to what 
few stars to observe. That choice is based 
partly on the astronomer's interests and 
training. It must also be based on what is 
already known and what other astronomers 
are doing. It may well be that halfway 
through an observing program, the astron- 
omer may have to change it drastically be- 
cause of some new fact that has turned up. 


The 16th-century Danish astronomer Tycho Brahe 
in his observatory of Uraniborg. Brahe and his stu- 
dents catalogued the positions of more than one 
thousand stars. 


THE DEVELOPMENT OF 
OBSERVATORIES 


We have been dealing thus far with the 
modern astronomical observatory. We 
must bear in mind that it represents only 
the latest stage in a development that has 
been going on for thousands of years. Sites 
or posts for the observation of the heavens 
were used by the ancient Babylonians, 
Egyptians, and Greeks in the Old World 
and the Mayans in the New. The Greek 
astronomer Hipparchus, who lived in the 
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Two European observatories: the Observatory of 
Saint-Michel-de-Provence in France, the largest 
observatory in Europe (above) and the Jungfrau 
Observatory in Switzerland (right). 


second century B.c., prepared a catalogue of 
the stars from observations he made from 
an observatory on the island of Rhodes. 
Generally, the observatories of the ancients 
were simply places where portable astro- 
nomical instruments could be used. 

A renowned observatory was the one 
built for the 16-century Danish astronomer 
Tycho Brahe, on the island of Ven (or 
Hven), now in southern Sweden. The main 
observatory building was called Uraniborg 
(Castle of the Heavens). Tycho and his 
students did much important work here, 
including preparing a catalogue of the posi- 
tions of more than one thousand stars. 

Galileo Galilei was the first to use the 
telescope in astronomical observation. In 
1609 he began to scan the heavens with the 
newly invented device. His “observatory” 
was the balcony of a building in the Italian 
city of Padua. 

The first permanent observatory in 
the northern hemisphere was constructed 
at Greenwich, England in 1675. This ob- 
servatory, established to provide a sound 
celestial coordinate system for navigators, 
is still in use today. 
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UPL. 
The Southern Hemisphere has fine 
observing conditions. North-central Chile 
was selected by ten American universities 
as the site for a 400-centimeter reflecting 
telescope, now in operation near La Serena 
at the Cerro Tololo Inter-American Ob: 
servatory. The European Southern Observ- 
atory has a 366-centimeter reflector at Cer- 
ro La Silla, also near La Serena, Chile. The 
establishment of well-equipped observa- 
tories in the Southern Hemisphere has per- 
mitted the photographing of celestial ob- 
jects not visible from Northern Hemisphere 
locations. The Cerro Tololo telescope was, 
for example, used to take the first modern 
photograph of 47 Tucanae, one of the 
brightest globular star clusters known. 
The first permanent astronomical ob- 
servatory in the United States was founded 
at the University of North Carolina, at 


Chapel Hill, in 1831, though various tem- 
porary structures had been put up before 
that time. In 1875, James Lick, a San Fran- 
cisco millionaire, left $700,000 to the Uni- 
versity of California for the establishment 
of a large observatory. It was erected on 
the top of Mt. Hamilton, in California. A 
90-centimeter refractor was housed in the 
Observatory. Later a 300-centimeter reflec- 
tor was built there. 

In 1917, a 254-centimeter reflecting 
telescope was erected in an observatory on 
Mount Wilson, California, by the American 
astronomer George Ellery Hale. An even 
larger telescope, with a mirror 500 centi- 
meters in diameter, was installed in an ob- 
servatory atop Palomar Mountain, Califor- 
nia, in 1948. The largest of all reflecting 
telescopes, with a mirror almost 600 centi- 
meters in diameter, has been built in the So- 
Viet Union's Caucasus Mountains near the 
Black Sea. 

A large observatory has been con- 
Structed on Kitt Peak, near Tucson, Ari- 
Zona. Among its many instruments is the 
MeMath solar telescope. Housed in a 
Sloping, tunnel-like structure, it is the 


The observatory at Jaipur, in 
India, constructed at the be- 
ginning of the 18th century. 
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world’s largest solar telescope. It has a 
focal length of more than 90 meters. 

The Kitt Peak National Observatory's 
management has an open-door policy that 
permits any qualified institution to set up its 
own observing facilities on the mountain. A 
new addition is the McGraw-Hill Observa- 
tory, run by the University of Michigan, 
Dartmouth College, and the Massachusetts 
Institute of Technology. 

Canada has several outstanding ob- 
servatories. The Dominion Astrophysical 
Observatory, established in 1916 at Victo- 
ria, British Columbia, has a 185-centimeter 
reflecting telescope. The David Dunlap 
Observatory at Richmond Hill, Ontario, 
has an even larger reflector, with a 188- 
centimeter mirror. 

The earth's atmosphere blots out many 
wavelengths of electromagnetic radiation 
before they reach the ground. To study 
these wavelengths, which include X rays, 
ultraviolet light, and infrared rays, the 
United States has launched a number of as- 
tronomical observatories into space around 
the earth. Important optical observatories 
are listed in the table on page 44. 
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PLANETARIUMS 


by Mark R. Chartrand Ill 


Have you ever wondered what the sky 
looks like in another part of the world? Or 
perhaps what it looked like long ago, when 
ancient stargazers first started to study the 
patterns and motions of the stars? These 
puzzles can be solved and many other ques- 
tions answered about the sky and the way 
it changes —all while you watch a fascinat- 
ing show. Where? Ina planetarium. 

A modern planetarium allows you to 
see the stars, the planets, and the moon just 
as they appear in the sky and to watch as 
they change their positions. It also allows 
you to take a trip around the world, looking 
at the sky from different places. It can also 
give you a look into the past or a glimpse 
into the future. In New York City’s Hay- 
den Planetarium on a June day, for exam- 
ple, you can see not only what the sky will 
look like in New York that night, but also 
what it will look like in Rio de Janeiro. You 
can also see what it will look like in Decem- 
ber in New York, or March in Rio. You can 
even see what it looked like the night you 
were born or what it will look like in 50 or 
100 years. 

Modern projection planetariums, such 
as the Hayden, are only a little more than 
50 years old. However, the idea of making 
a model of the sky has been around for 
thousands of years. 


EARLY MODELS 


The earliest attempt we know of to 
provide a model of the sky was made in 
ancient Greece. The device was a sphere, 
surrounded by metal rings, each mounted 
so that it turned on a different axis. The 
sphere represented the celestial sphere, and 
the rings the paths of the sun and other 
heavenly bodies across the sky. Devices of 
this kind became known as armillary 


Early models of the sky. Top: an 18th century Co- 
pernican model showing the earth, moon, Venus, 
and Mercury revolving around the sun. Bottom: an 
18th century armillary sphere. 
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spheres. We do not know who made 
the first one, but the Greek astronomer 
Eratosthenes (about 250 m.c.) is often 
credited with the invention. We do know 
that Archimedes made a complicated mod- 
el that was powered by water and accurate 
enough to reproduce eclipses of the sun 
and moon. 

Another ancestor of the modern plane- 
tarium was the celestial globe. This was a 


Scala 


spher: which the positions of the stars 
and co ations were marked. Celestial 
globes were first made in ancient Greece. 


There 
1657, 
made a 


little further progress until about 
n a man named Andreas Busch 
‘ge globe into which 12 people 
The stars were fixed on the 


could c 
inside of the globe, and there were rings for 
the plar to move along. More complicat- 


ed globes were built in the years that fol- 


lowed. The last such globe was built early 
in the 20th century by Dr. Wallace Atwood 
for the Chicago Academy of Sciences, 
where it may still be seen. It is 4.5 meters in 
diameter and is turned by electricity. 
Sometime after 1700, a different kind 
of mechanical model of the solar system 


was constructed, It reproduced the motions 
of the planets and showed the earth as just 
et. The model was made for 
Orrery, and such devices are 
now called orreries. 


A MODERN DESIGN 


The modern planetarium did not de- 
velop until the 20th century. The idea for it 
came from Dr. Max Wolf of the Heidelberg 
Observatory and Dr. Walter Bauersfeld of 
the Carl Zeiss Company of Jena, now in 
East Germany. They thought of using a 
very large hemisphere as a screen onto 
Which the image of the sky could be pro- 
Jected. The hemispherical screen would be 
half of a celestial globe. The projection 
would be done by a special device that 
could imitate the appearance of the sky and 
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the motions of the sun, the moon, and the 
planets. 

In August 1923 the first Zeiss plane- 
tarium, Model I, was shown in a makeshift 
dome on the roof of a factory. It was a sin- 
gle sphere with 31 projectors to show the 
stars and a number of smaller projectors to 
show the members of the solar system. It 
could only show the sky north of latitude 
48° North, but the sphere could be turned 
to show the sky at any time of day or year. 

Zeiss’ Model II was a dumbbell- 
shaped projector, as all later Zeiss models 
have been. The latest Zeiss projector is the 
Model VI, which can be seen at the Ameri- 
can Museum-Hayden Planetarium in New 
York City and at a number of other sites. 

In 1947, Armand Spitz, an amateur 
astronomer from Philadelphia, designed 
and built a smaller, simpler, and less expen- 
sive planetarium. Spitz planetariums are 
now found in many schools and small mu- 
seums that cannot afford the money or 
space for a larger instrument. 


A MODERN PLANETARIUM BUILDING 


The American Museum-Hayden Plan- 
etarium can be taken as an example of a 
major planetarium. The theater is 23 meters 
wide. Beginning 3 meters above the floor is 
a stainless steel dome whose highest point 
is 15 meters above the floor. In the center 
of the theater is the Zeiss projector. Ar- 
ranged in circles around the projector are 


750 seats. 
The steel dome has millions of small 


Detail of the armillary sphere of 
Santucci of Pomerance. Sphere is 
made of wood and shows the plan- 
etary system and the northern 
hemisphere. 
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holes to allow the passage of air. They also 
make the dome lighter. In between this 
dome and the outer dome that can be seen 
from outside the building is a space that al- 
lows planetarium workers to place speakers 
and other devices for use in special shows. 


THE PROJECTOR 


A planetarium projector is designed to 
provide an accurate reproduction of the sky 
on the inside of the dome. It must be able to 
show all the stars visible to the naked eye. 
It must also be able to reproduce the mo- 
tions of the planets around the sun, taking 
into account the changing point of view of 
the earth as it moves through space. 

The stars are projected from the two 
spheres at the ends of the dumbbell. At the 
center of each sphere is a high-power light 
bulb. Arranged around the bulb are 16 lens 
systems, each containing a slide of an area 
of the sky. Tiny holes in the slides repre- 
sent individual stars. Each hole lets light 
pass through, producing a point of light—a 
star—on the dome. The bigger the hole, the 
brighter the star’s image. Holes to project 
the images of the brightest stars would have 
to be too large, however, so separate 
projectors are used for the brightest stars. 
Because these stars also usually show a 
slight amount of color, filters are used to 
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give the star image the correct color 
Projectors like those used for the 


brightest stars are also used t oject 
images of the planets, and larger projectors 
are used for the sun and the mc Some 
planetariums also contain mecha 1s for 
showing eclipses of the sun and mo 
SHOWING THE SKY'S MOTIONS 

A planetarium projector can w the 
Sky as seen from any place on earth on any 
day in any year. It does this by ns of 
complicated motors and gear sy: s that 
move the projections of the star: solar 
system. These gear systems h been 
developed through detailed mathematical 
analysis of the paths of the heavenly bodies. 
Every planetarium can show four basic 
motions: daily motion, annual motion, pre- 
cession, and latitude motion. 

The daily motion is the sky's ation 
around the celestial poles. This really rep- 
resents the earth's daily rotation on its 


axis. Whereas the earth turns once in every 
24 hours, the planetarium can go through 
this cycle in 30 seconds. Using daily mo- 
tion, the planetarium operator can select 
the time of day to be shown on the dome. 

The annual motion is the motion of the 
planets and the moon as they move around 
the sun. The projector operator can go 
through a year in one minute and can select 


The Zeiss projector. This device enables one to 
view the stars and planets as they appear at dif- 
ferent times during the day or year, in either hemi- 
sphere. Below: close-up of optical system used in 
the dumbbell-shaped projector. 


Fiske Planetarium, University of Colorodo 


Contro! room 


Atmospherium 
projection room 


Speokers 


Projection 
gallery 


Grace H. Flandrau 
Planetarium, 
University of Arizona 


A diagram of a typical planetarium, showing dome, seating arrangements, con- 
trols, and the Zeiss projector. 


any day of any given year to show on the 
screen. 

Precession is the slow wobbling of the 
earth’s axis. It is similar to the wobbling of 
a top as it spins. Its effect is to change the 
Position of the celestial north pole in the 
sky. The change in one year is very small, 
but over 26,000 years the celestial pole 
Moves in a small circle in the sky. This mo- 
tion is built into the gears so that as the 
Planetarium is run using annual motion, the 
Sky also precesses by the correct amount. 
An operator can go through the entire 
26,000 year cycle in about one minute. 

Latitude motion is rotation about an 
east-west horizontal axis. This allows the 
Operator to set the part of the earth- New 
es City, Mexico City, or Rio de Janeiro, 
‘or example— from which the sky will be 
Seen. One trip around our planet can be 
accomplished in one minute. 


SPECIAL EFFECTS 


Most planetariums also use special 
projectors to show such things as comets, 
eclipsing stars, supernovae, rocket launch- 
es, or other special effects. These projec- 
tors may be located under the main projec- 
tor or elsewhere around the theater. 

The operation of the entire planetar- 
ium is controlled from a panel near the side 
of the theater, sometimes with help from 
another person in a projection room just 
outside. The planetarium show is some- 
times given live, and sometimes on tape 
with sound effects and music. 

In these days of bright city lights and 
air pollution, most city dwellers get to see 
very little of the sky unless they travel 
away from urban areas. For these people, 
the modern planetarium is the best sky 
show in town. 
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The radio-radar telescope facility at Arecibo Observatory in Puerto Rico reaches 
farther into space than any other instrument. 


RADIO ASTRONOMY 


by Sir Edward V. Appleton 


For centuries people have studied the 
heavens by way of the light waves from 
outer space which reach an earth-bound 
Observer. At first, only the naked eye was 
used for the detection of such optical 
waves. Later, observations became more 
refined with the aid of Optical telescopes 
and optical spectroscopes. Optical tele- 
Scopes helped the observer to recognize 
faintly luminous Objects and areas in the 
sky. Optical spectroscopes made it possible 
to break up any luminosity into its constitu- 
ent colors. 

In the mid-20th century, there de- 
veloped an entirely new and parallel branch 
of astronomy in which the heavens are sur- 
veyed with a radio eye instead of an optical 
eye. This new science is called radio as- 
tronomy. It deals with the analysis of the 
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radio waves that are transmitted by certain 
heavenly objects and from certain areas 
in space. Radio telescopes and radio spec- 
troscopes replace the optical telescopes 
and spectroscopes of the older visual as- 
tronomy. 

Both visible light and radio waves are 
electromagnetic radiations, propagated 
through space at the speed of, roughly, 
300,000 kilometers per second. Here one 
must note that the earth’s atmosphere does 
not permit electromagnetic vibrations of all 
wavelengths to pass through it. An earth- 
bound observer is therefore denied the 
opportunity of studying the entire spec- 
trum, or range, of the radiations which orig- 
inate in outer space. Other forms of electro- 
magnetic radiation, besides visible light and 
radio waves, included in this spectrum are 


Cornell University Photograph 


cosmic rays, gamma rays, X rays, ultravio- 
let rays, and infrared rays. 

Fortunately, however, the absorbing 
atmosphere has two “windows,” an optical 
window and a radio “window.” It is only 
since the late 1940's that the radio window 
has been used for astronomical observa- 
tions. 

The band of radio wavelengths which 
passes through the earth's atmosphere 
ranges from about 0.25 centimeters on the 
short-wave side to about 30 meters on the 
long-wave side. This is, then, the wave- 
length band used by the radio astronomer. 
Mostly the astronomer examines the radia- 
tions (within this band) that actually origi- 
nate in outer space. This examination has 
already revealed a great deal about the 
structure of the radio universe. Sometimes 
the astronomer generates radio waves and 
projects them towards celestial objects in 
Order to detect them when they bounce 
back to the earth. We could appropri- 
ately call such reflection techniques radar 
astronomy. Both the moon and Venus 
have already been contacted by radar as- 
tronomy. 
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Footpads distribute a worker's weight as he walks 
on the paper-thin aluminum panels that cover the 
radio telescope's surface. 


EARLY STUDIES 


History tells us that both the American 
inventor Thomas A. Edison, in 1890, and 
the British physicist Sir Oliver Joseph 
Lodge, in 1894, attempted to detect radio 
emanations from the sun. We can now un- 
derstand that their experiments failed be- 
cause their detecting equipment was too 
insensitive. But great credit should be as- 
signed to these pioneers for having con- 
ceived their experiments. 

The most significant event in the histo- 
ry of radio astronomy was the discovery, in 
December 1931, of radio waves coming 
from the Milky Way by Karl G. Jansky, a 
radio engineer at the Bell Telephone Lab- 
oratories. Jansky was really studying static, 
that bugbear of radio. He found that two 
groups of static disturbances were due, 
respectively, to near and distant electric 
storms in the earth's atmosphere. But there 
remained a persistent hiss, the source of 
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Mount Wilson and Palomar Observatories 
Photo of a possible collision of two galaxies. Radio 
and optical astronomy complement each other. 
After radio emissions have been detected from a 
particular part of the sky, the optical astronomer 
knows where to focus his telescope and is then of- 
ten able to discern the object and discover more 
about it. The radio source Cygnus A was optically 
found to be a double nebula, probably two galaxies 
in collision or interacting in some way. 


Object 3C-48 was the first radio 
Source, other than the sun, that 
was identified as a single star 
Other radio emitters Proved to 
be diffuse nebulae or galaxies. 
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which moved across the sky from east to 
west. At first the sun was suspected as the 
origin of this cosmic radio noise, but more 
careful tests showed that the waves came, 
instead, from the direction of our own gal- 
axy, the Milky Way. Jansky’s great discov- 
ery came about because he was able to rec- 
ognize the unexpected, on which he then 
concentrated his attention until its true sig- 
nificance was revealed. 

It will always be a mystery why Jan- 
sky’s pioneer work did not at once prompt 
other investigators to seek to confirm and 
extend it. It is true that some valuable ex- 
periments with radio waves from outer 
space were made in 1936 by Grote Reber, a 
distinguished American radio amateur. He 
constructed a radio telescope, a device in 
which a large dish-shaped antenna brought 
to a focus the radio waves from a given area 
in the sky. With this device, which operated 
on a wave length of 60 centimeters, he 
mapped the skies. However, apart from 
Reber's contributions, radio astronomy lay 
quite dormant for a decade. 

During the 1940's, cosmic radio noise 
was rediscovered, so to speak, but scientific 
work on it was postponed. Fortunately, 
much of the radio and radar equipment 


Mount Wilson and Palomar Observatories 


Largest 
its radio em 


which had been developed for military pur- 
poses during World War II turned out to be 
easily adaptable for some of the first experi- 
ments in radio astronomy. As the subject 
has developed, entirely new types of radio 
telescopes, often of large dimensions, have 
been designed. These new sophisticated 
telescopes, together with increased use 
of computer analysis, now permit greater 
accuracy in locating cosmic radio sources. 
METEOR STUDIES 


, One of the first problems tackled in 
radio astronomy did not arise as a conse- 
quence of Jansky's discovery of cosmic 
radio. It is a matter of general observation 
that meteors, or "shooting stars," can be 
seen on cloudless nights. It has long been 
known, too, that these luminous streaks 
seen in the dark sky are due to pellets 
(generally tiny) of stone or metal which 
enter our atmosphere from outer space and 
burn up as they travel through it. Radar 
reflections can be obtained with the radio 


Westerbork Observatory, Nether! 


wn "object" in the universe shown in a photograph produced from 
ions. This object is 18.6 million light years wide 


telescope from the luminous streak of a 
meteor. 

Two important results have been ob- 
tained from the examination of such radar 
reflections by the famous Jodrell Bank Ra- 
dio-Astronomical Observatory, near Man- 
chester, England. In the first place, some 
daylight meteor showers were discov red 
by these radio methods of detection, Such 
showers could not possibly have been dis- 
covered by optical means. Secondly, a ra- 
dar method was developed which measured 
the rate of growth of the meteor trail and 
therefore the speed of the meteor itself. Sci- 
entists have long wanted to know whether 
meteors, the debris of space, belong to our 
own solar system or not. The Jodrell Bank 
radar measurements of meteor velocities all 
disclose values less than 72 kilometers per 
second — values lower than that required to 
escape the gravitational attractions of the 
solar system. It therefore looks as if we can 
picture all meteors as being members of the 
solar system, like the earth. 
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The largest radio telescope in the world, the Very 
Large Array, in New Mexico, consists of 26 an- 
tonnas spread out over several square kilometers. 
Two of the antennas are shown above. The anten- 
nas are moved on tracks when necessary 


In subsequent years, extensive re- 
search in radio astronomy was undertaken. 
J. S. Hey, in England, used converted mili- 
tary radar equipment to extend the work of 
Jansky and Reber in mapping out the radio 
sky. Again he found the Milky Way to be a 
Prominent and extensive radio source. In 
addition, he identified the first radio star — 
that is, a more or less sharply defined area 
of radiation in the sky. 


RADIO STARS 


————— 


IMPORTANT RADIO 
TELESCOPES 


Paraboloids (singles) 


Location Diameter (m) 


Arecibo, Puerto Rico 305 
Bonn, W. Germany 00 
Green Bank, W. Va. )2 
Haystack Hill, Mass. 37 
Jodrell Bank, England 76 
Nangay, France 305 
Parkes, Australia 64 
Pulkovo, USSR 150 
Stanford, Calit 46 


Crosses (two or more telescope 


Location 


Mars, but rather galaxies in collision, lumi- 
nous gas clouds, or the remnants of explod- 
ed stars, In January 1961, the California 
Institute of Technology reported that it had 
located the first radio star, other than the 
sun, that was really a single star. This ob- 
ject, called 3C-48, is in the constellation 
Tri . Dr. Jesse L. Greenstein of the 
California Institute of Technology noted 
that this discovery “marks the first time 
astronomers have been able to listen to and 
locate a star that emits a radio signal." 

Let us consider for a moment our own 
radio star, the sun itself, Because it is a hot 
body, the sun emits thermal (heat) radiation 
in the radio spectrum. The strength of such 
radiation is determined by the solar temper- 
ature. But, in addition, the sun emits non- 
thermal radiation from time to time, often in 
the nature of bursts of energy. The largest 
solar radio storms of this kind are often 
associated with sunspots and solar flares, as 
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was í hown by E. V. Appleton and J. S 
Hey. Elegant experiments carried out in 
Aust later showed that the actual 
source of a radio-noise outburst is a stream 
of corpuscles, ejected from the solar atmo 
sphere at the time of a solar flare. This 
stream produces auroras and magnetic 
storms later when it reaches the earth's 


atmosphere. When the sun's quiet thermal 
radiation is measured, its intensity is such 
(^ to indicate a temperature of 1,000,000 
Yet the disk of the visible sun is 
known to have a temperature of only 
6,000 Celsius. The explanation of the 
discrepancy is that the thermal radiation 
detected by the radio astronomer comes 
from the solar corona, or outer layer, 
which is much hotter than the solar disk 


Celsius 


What the Milky Way would loos line If Our eyes were 
sensitive to radio waves of 12 meters The very 
bright area (lower right) is the central region, near 
the nucleus, of our galaxy. The smaller bright ai 
above is the region of Cygnus and the beginning of 
one of the spiral arms of the galaxy The sun 
embedded in this spiral arm. This view is based on à 
radio map o! the galaxy prepared by radio astrono 
mers at Ohio State University s radio telescope 
facility (left) 


Using their radio telescopes, radio as 
tronomers have detected thermal radiations 
in the radio spectrum from the moon, Ve 
nus, Mars, Jupiter, and Saturn, which 
enable us to tell how hot these bodies are 
Only in the case of Jupiter does it appear 
that the constant thermal radiation is some 
times accompanied by short-period high 
energy bursts, which can be detected in 
the wave-length range of 15 to 20 meters 
The origin of these violent radio storms 
is still uncertain 

The most basic contributions to human 
knowledge yet made by the radio astrono 
mer have been the identification of the 
positions of thousands of radio stars. This 
work began, as we have seen, with the 
identification of Cygnus A by J. 5. Hey 
Soon thereafter, the second strongest radio 
star, Cassiopeia A, was discovered by M 
Ryle and F. G. Smith. Ryle and his col 
leagues at Cambridge University have been 
prominent in conduc ting tadio-star surveys 
Other workers in the field have been B. Y 
Mills of Australia and J. G. Bolton, form 
erly of Australia and now of California 


ny 


WORKING WITH OPTICAL ASTRON 


The universe disclosed in a radio-star 
survey does not tally in detail with the morc 
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John T. Scotts, Physics Today 


Portion of the Cambridge University radio tele- 
scope used by Nobel laureate Sir Martin Ryle in 
some of his early work in radio astronomy. 


familiar universe of optical astronomy. 
Often the strongest radio emissions come 
from objects in the sky which are only faint- 
ly discernible by optical methods. How- 
ever, radio telescopes are limited in their 
ability to distinguish between two objects 
close together. The famous Cygnus A 
source was only identified with a visible 
object after the optical astronomer was told 
precisely where to look with his powerful 
telescope. It then turned out that the 
powerful radio emission came from a faint 
double-structure nebula, which is now 
known to be two galaxies in collision. The 
light and radio waves emitted by Cygnus A 
take 550 million years to reach the earth. 
Another, and yet entirely different, 
type of radio source which has been identi- 
fied optically is the Crab Nebula. As far 
back as the year 1054 A.D., Chinese ob- 
Servers witnessed and recorded the remark- 
able occurrence of the explosion of a star, 
which brought about a greatly increased 
luminosity. Such an exploded star is called 
a supernova. The Crab Nebula is the best- 
known example of a radio transmitter, 
Nowadays it is Suspected that a num- 
ber of other radio stars besides the Crab 
Nebula are remnants of supernovae. This 
is certainly the case with the radio source 
Cassiopeia A, which is a member of our 
Own galaxy. Tycho Brahe, in 1572, ob- 
served a “new star” at the Position of this 
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radio source. Therefore, what he observed 
might have been a continuing ex losion 
that was changing a star into a supernova 
that emits radio waves. 


RADIO COSMOLOGY 


The attempt to associate radio stars 
with visible objects is still c uing, 
sometimes with success and sometimes 
without. The radio astronomer has felt en- 
couraged to study the radio universe as it 
reveals itself, without reference to the visi- 
ble universe. In this way a new subject has 


developed: that of radio cosmology 

A central problem of radio co ology 
is that of determining the distribution of 
radio stars out to the farthest limits of 
space. The distribution of such stars has an 


important bearing on the two rival theories 
of the origin of the universe. One theory 
holds that matter is being continuously cre- 
ated and that the distribution of stars 
should be uniform everywhere. According 


to the rival theory, the universe has evolved 
from a tightly packed nucleus which ex- 
ploded outwards ten thousand million years 
ago. It is maintained that the stars are not 
uniformly distributed but show a greater 
concentration at greater distances. The 
bearing of radio-star surveys on this basic 
question of the uniformity or nonuniformity 
of the radio universe is being intensively 
examined at present. No one would claim 
that a final pronouncement can yet be 
made. But the evidence appears to favor 
the view of the Cambridge radio astrono- 
mers that the more distant radio stars are 
more closely packed than the nearer ones. 
This result would seem to support the evo- 
lutionary theory of the universe. . 

Mention must be made of the radio 
waves emitted by hydrogen atoms in space. 
That such atoms would emit with a wave 
length of a little over 21 centimeters was 
first predicted by H. Van der Hulst, in Hol- 
land, some years before the phenomenon 
was actually detected. Studies of such ra- 
diation have helped radio astronomers to 
map out the distribution of hydrogen in our 
galaxy and to analyze its movement in 
Space. All this supports the view that the 
Milky Way has a Spiral structure. 
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With the sun's disk artificially masked, we are able to see the sun's outer atmo- 
sphere, or corona, extending outward for millions of kilometers. The photo has 


been color coded, each col 


or distinguishing different levels of brightness. 


THE SUN 


by Oran R. White 


The sun is the center around which the 
earth and the other planets of the solar sys- 
tem ("solar" means “relating to the sun") 
revolve. Many ancient peoples around the 
World worshiped the sun. They made offer- 
ings and built temples to the sun. For the 
most part, their life depended upon agricul- 
ture, and they associated the sun's warmth 
with the growing season. 

Although the ancient sun worshipers 
knew much less than we do now about the 
sun, they sensed its life-giving importance. 
Our sun is indeed crucially important to us. 
It provides the earth with the heat and light 
necessary to sustain all living things. 


The sun is a star—a rather ordinary 
one, in fact. Our sun is only of average 
size. Many other stars are bigger, heavier, 
hotter, and brighter. The sun appears to be 
much bigger and brighter because it is much 
closer to us than any other star is. It is 
about 149,600,000 kilometers away. The 
next nearest star, Alpha Centauri, is more 
than 40,000,000,000,000 kilometers away. 

Modern astronomers have learned 
that our sun is only one of about 
100,000,000,000 stars in our star group, 
or galaxy, called the Milky Way. The sun 
and its family of planets are located in one 
of the spiral arms of the Milky Way, at a 
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STRUCTURE OF THE SUN 


Nucleus Photos; 


point about three-fourths the distance from 
the center to the edge of this galaxy. 


PHYSICAL DATA 


We cannot scorn the reverence with 
which earlier peoples regarded the sun. 
Modern knowledge confirms that the sun is 
awe-inspiring in measurable ways—in its 
size, its mass or weight, its densities, its 
pressures, its temperatures, and many other 
features. 

Size. The sun is a vast ball of unbeliev- 
ably hot, glowing gas. It is some 1,400,000 
kilometers across—more than 100 times 
the diameter of the earth. 

We would expect a globe the size of 
the sun to be stupendously heavy. The 
sun’s mass, in fact, equals that of 333,420 
earths. Because of the weight of this vast 
amount of gas, the pressure at the center of 
the sun is more than one million metric 
tons per square centimeter. 

Density. In spite of the great mass of 
the sun, its average density —the weight of 
a standard volume of its matter—is only 
1.4 times the weight of an equal volume of 
water. The earth, on the other hand, is 5.5 
times denser than water. 

This low solar density is easy to ex- 
plain. The center of the sun, because of the 
enormous pressure, is more than 100 times 
denser than water. But much of the sun be- 
yond the center is composed of gas that is 
often thinner than the earth’s atmosphere. 
When these densities are averaged together, 
the general density of the sun is quite low. 

Gravity. Because of its great mass, the 
sun has a gravitational pull 28 times strong- 
er than the pull of the earth. This means 
that if a man weighing 90 kilograms on the 
Surface of the earth were put down on the 
surface of the sun, he would weigh 28 x 
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Chromosphere 
Corona 


90 kilograms. This equals 2,520 kilograms, 
or about 22 metric tons. The person would 
not be concerned about his weight increase. 


He would vaporize instantly, because of 
the heat. 
Temperature. The sun is like a huge 


furnace, fired by nuclear, or atomic energy 
at its core. Temperatures at the center may 
be 14,000,000° Celsius or more. At the sur- 
face of the sun, however, temperatures are 
much cooler—between 5,000° and 6,000° 
Celsius. This is still hot enough to vaporize 
nearly all substances that exist as solids or 
liquids on the earth. 

Structure. The sun is composed of sev- 
eral distinct regions. It has an atmosphere, 
consisting mainly of two layers. Below the 
atmosphere is the surface, which is called 
the photosphere. Sunspots are an important 
feature of the surface. The interior and core 
of the sun are almost unimaginably hot, as 
we have seen. Although scientists cannot 
easily investigate the sun’s interior directly, 
they have developed theories about it from 
what they do know. We shall now examine 
these structural features of the sun. 


ATMOSPHERE OF THE SUN 


Extending far upward from the surface 
of the sun is the solar atmosphere. The 
atmosphere consists mostly of hydrogen 
gas. It is much less dense than the rest of 
the sun. 

The solar atmosphere is composed of 
two layers. The lower, or inside, layer is the 
chromosphere, or "sphere of color". It ex- 
tends as much as 12,000 kilometers above 
the sun's surface. The higher, or outside, 
layer is the corona, or "crown". The coro- 
na forms a beautiful white halo around the 
entire sun, sending long streamers millions 
of kilometers out into space. 


We on earth cannot usually see the 
chromosphere and the corona. The effects 
of our own atmosphere and the bright glare 
of the photosphere blots them out. But the 
solar atmosphere becomes visible during a 
total e 


se of the sun, when the moon 
photosphere. 

» not have to await an eclipse to 
he corona, however. We can see it 
ecial telescope called a corona- 
h produces an artificial solar 
ìr we could travel to outer space, 


eclipse 
above the earth's troublesome blanket of 


air, where the corona is always visible to 
the unaided eye. 

Te tures in the corona and the 
chromosphere vary in an unexpected way. 
The lower part of the chromosphere may be 
less than 5,000° Celsius, which is cooler 
than the photosphere. But the temperature 
rises in the outer reaches of the chromos- 


phere, reaching 10,000° Celsius or per- 
haps e 100,000° Celsius in the upper- 
most le k 
The corona is much hotter than the 
chromosphere. Astronomers have estimat- 
ed an astounding temperature of 2,000,000° 
Celsius for its outer reaches. Why the coro- 
na, which is so far from the source of the 
sun’s energy, should be so much hotter than 
the photosphere is rather puzzling. One 
explanatory theory holds that strong shock 
waves, caused by turbulent movements of 
the photosphere, heat the very thin gases of 
the corona intensely. 

A spectacular activity occurring in 
the chromosphere is known as the promi- 
nences. Prominences are huge streamers of 
glowing gas, sometimes reaching heights of 
hundreds of thousands of kilometers into 
the overlying corona. They take a great va- 
riety of shapes. Prominences are best ob- 
served during a solar eclipse or with a co- 
ronagraph. 

Some prominences are eruptions Or 
explosions, rising quickly and soon fading 
away. Other types last much longer. Still 
other prominences seem to originate high in 
the chromosphere and then rain gas down- 
ward, toward the sun. The occurrence and 
lifetimes of prominences are influenced by 
solar magnetic fields nearby. 


The chromosphere also displays much 
smaller jets or filaments of gas, called spic- 
ules. These may result from strong move- 
ments of hot chromospheric gas. These gas 
movements appear in the chromosphere as 
coarse cells, called supergranulation. 

From time to time, the chromosphere 
is active in other ways. Hot, bright mark- 
ings—plages and flares—are often ob- 
served. Plages are areas of hot brightness. 
Flares are high-energy outbursts of radia- 
tion and tiny, subatomic particles. These 
particles may reach the earth’s atmosphere. 


SURFACE OF THE SUN 


It may seem strange to talk of the sur- 
face of a gaseous globe like the sun. But 
there is a surface layer, which has a definite 
border and is the deepest part of the sun 
that we can see. This layer is called the 
solar disk, or the photosphere ("globe of 
light"). 

The photosphere is a relatively thin 
region. It has a depth of some 320 kilome- 
ters. This is less than 1/2,000 of the radius 
of the sun. 

The photosphere was once thought to 
be a uaiform and perfect orb of light. But 
even in ancient times observers occasional- 
ly saw spots on it. In the early 1600s the 
Italian scientist Galileo Galilei became the 
first man to study the sun and its spots 
through a telescope. These so-called sun- 
spots are dark, irregular patches. They are 
thought to be very important but are in 
many ways still mysterious features. 


The chromosphere is a site of spectacular activity. 

Here huge streamers of glowing gas reach into the 

corona in a form known as a limb prominence. 
NASA and Harvard College Observatory 
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In addition to sunspots, the solar sur- 
face shows two other main features: bright 
irregular areas called faculae and a network 
of fine cells, the photospheric granulation. 

Faculae, or "little torches,” are hot, 
glowing regions, ranging from tiny bright 
marks to huge splotches. They resemble the 
plages in the chromosphere. They often 
Surround sunspot groups, but they may 
occur alone. Faculae often arise where sun- 
spots later appear, and then last for a while 
after the sunspots have vanished. Faculae 
have a coarse-grained structure. Many as- 
tronomers consider them to be huge masses 
of gas that are hotter than the rest of the 
gaseous solar surface. 

Through the telescope, photospheric 
granulation looks like bright grains of rice. 
The grains are separated from one another 
by dark boundaries. A typical grain, or cell, 
measures about 1,600 kilometers across — 
actually a small area compared with the 
enormous surface area of the sun 

Astronomers consider the granulation 
to be photospheric gas in continuous and 
violent motion because of heat. Movies 
have been taken of the cells, which look 
like boiling fluid bringing up gas from the 
depths of the sun. 


SUNSPOTS 


Sunspots appear dark because, at a 
temperature of 4,000° Celsius, they are 
cooler and thus less bright than the rest of 
the photosphere. A typical sunspot has two 
distinct parts: a dark central region, called 
the umbra ("shadow"), and a lighter sur- 
rounding area. the penumbra (“almost 
shadow"). Like the photosphere generally, 
the umbra shows a granular structure, 
which Suggests the circulation of hot gas. 
At certain positions near the edge of the 
sun, the spots look like depressions, or hol- 
lows, in the photosphere. 


Near right: a map of the sun's corona, presented on 
a computerized color display. The north and South 
poles are black; the hottest regions are white. The 
map was obtained by an Orbiting Solar Observatory 
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A single spot may be tens 
of kilometers wide. It is usual 
rary feature, lasting anywhere 
days to a few months. Sunspot 
velop in pairs, which then tend t 
slowly. Over a period of time 
spots may form in large groi 
other times, there may be p 
sunspots at all. 

Many theories have been ai 
explain the nature of sunspots 
them tell us everything we wa 
Over the years, the spots have 
pared to low-pressure areas or tor 
huge whirlwinds in the solar g 
fact, complex movements of ga 
and away from a sunspot have 
served. 

More recent theories hold 
Spots are cool areas produced | 
between the electrically charged 
the sun and solar magnetic fields 


local magnetic field breaks throug! 
face of the photosphere, producing 
that point. This disturbance also a 
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solar atmosphere overlying the spot 
NASA 
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Sunspots actually do have powerful 
magnet . In a sunspot pair, one spot 
has the sitive (+), or north, magnetic 


pole; the other, the negative (—), or south, 
pole of an associated field. Sunspot magne- 


tism ma related to electrical currents 
passing through the solar gas. 
SOLAR CYCLE 


Sunspots appear and then disappear in 
ycle, called the sunspot cycle or 


the solar cycle 


The average duration of the 
cycle is 11 years. As the cycle begins, there 
are only w small spots on the face of the 
sun. As the cycle progresses, spots become 


rous. 
nspot cycle begins with a few 
at solar latitudes of 30° to 40° 
| south of the sun’s equator. With 
of time, more sunspots of larger 
These new spots arise closer 
er to the solar equator and to the 


north a 
the pas 
size ap 
and clo 


poles, until much of the sun is covered by 
dark patches 

T he cycle nears its end when spots in 
the higher solar latitudes begin to vanish. 


At last only a few spots are left around the 
equator.Then the spots of the next cycle 
start to appear, at 30° to 40° north and 
south of the solar equator. 

Some astronomers have linked the 
spot cycle to a complex circulation of solar 
gas: from the surface of the sun down and 
then up again, and from the solar poles to 
the equator and back. The heat and rotation 
of the sun are supposed to produce this 
effect. The circulation has been compared 
to that of the earth’s winds and ocean cur- 
rents. 

More modern sunspot theories make 
use of new discoveries about magnetic 
fields. Scientists have found that a hot, elec- 
trically charged fluid, such as the solar gas, 
produces magnetism. As the gas moves, the 
lines of magnetic force follow. Regular 
movements of solar gas and its accompany- 
ing magnetic fields may cause the sunspot 
cycle. 

Astronomers have discovered that the 
north and south magnetic poles in the sun 
switch positions in a regular, repeated fash- 
ion. These changes take place at the begin- 
ning of each sunspot cycle. The result isa 
magnetic cycle of 22 years, or double the 
duration of the sunspot cycle. This seems 
to indicate that the spot cycle is definitely 
connected with magnetic forces in the sun. 
But exactly how is a mystery. 

Sunspots are not the only features 
affected by the solar cycle. During a sun- 
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spot maximum, when many spots exist, the 
entire sun becomes more active. Promi- 
nences are larger and more common. Huge 
solar flares, with temperatures in the mil- 
lions of degrees, burst forth. 

The corona undergoes changes in 
shape and brightness during different phas- 
es of the solar cycle. Man-made satellites 
have also photographed a strange feature, 
known as solar polar caps, in the corona. 
These coronal caps, centered over the north 
and south poles of the sun, are relatively 
cool masses of gas. At about 1,000,000° 
Celsius, the caps are only about half as hot 
as the rest of the corona. During a sunspot 
maximum, the polar caps are very small or 
absent. During a sunspot minimum, when 
only a few spots exist, the caps become 
much larger. 

During sunspot maximums, other parts 
of the corona become about twice as hot — 
4,000,000" Celsius—as usual, especially 
where solar flares take place. 

The activities associated with sunspot 
cycles often affect the earth and its atmo- 
sphere. These effects are due in large part 
to the many electrically charged, high- 
speed particles and, also, ultraviolet, and X 
rays emitted from the sun during a sunspot 
maximum. Many solar particles are trapped 
in the earth's magnetic field. Others reach 
the earth's atmosphere, where they cause 
the bright lights called auroras, around the 
north and south poles. The particles and 
rays may create magnetic storms on 
earth. They can also interfere with com- 
passes, communications, and electrical 
power transmission. 


INTERIOR OF THE SUN 


There is little direct evidence available 
lo scientists concerning the inside of the 
sun. Astronomers studying the sun know 
mostly about the heat, light, magnetism, 
and particles that come from the upper lay- 
ers of the photosphere and solar atmo- 
sphere. 

There are, however, some clues to the 
nature of the sun's interior. Scientists be- 
lieve that certain atomic particles, called 
neutrinos, reach the earth directly and very 
quickly from the core of the sun. These par- 


THE SUN 


ticles are small. They have no charge and 
hardly any mass to speak of. They move at 
the speed of light. Because of these proper- 
ties, neutrinos easily pass through great 
thicknesses of matter, making them hard to 
detect. Nevertheless, scientists have man- 
aged to detect and count some of the solar 
neutrinos. 

From neutrino research and from what 
is known about the outer layers of the sun, 
scientists have constructed the following 
theoretical model of the solar interior. 

A “nuclear-energy furnace” probably 
forms the sun's core. It fills a relative- 
ly small volume. The core is extremely 
hot and very dense. The atoms there have 
lost their electrons and consist only of 
nuclei. 

Circulating currents bring hydrogen— 
atomic fuel—to the "furnace" and carry 
away the resulting product —heliurn. The 
energy released must somehow escape 
from the core. Otherwise the sun would 
swell up and explode. 

The heat, light, and other energy from 
the core are slowly radiated and reradiated 
from atom to atom. Gradually the energy is 
transferred outward, away from the core. 
As the energy reaches the sun's surface, 


A solar eruption is visible at the top of the left image 
in this sequence, which was taken by the U.S. 
Skylab crew. 
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another form of energy transfer takes over. 
Circulating currents of solar gas carry the 
energy. 

Like boiling water or hot air shimmer- 
ing over a fire, the gas of the photosphere 
rises and falls from the energy of the heat. 
These photospheric movements produce 
the many phenomena seen at the sun’s sur- 
face: granulation, faculae, and spots. 

Scientists estimate that it takes several 
million years for energy other than neutri- 
nos from the solar atomic core to reach the 
surface of the sun. From the solar surface, 
this energy radiates in all directions. 


INSTRUMENTS FOR OBSERVATION 


Astronomers find the sun interesting 
because as yet it is the only star they can 
examine relatively close at hand. It has giv- 
en them important clues to what the nature 
of many other stars may be. But astrono- 
mers must use instruments in their study — 
not only to magnify the sun but also to pro- 
tect their eyes. One should never look di- 
rectly at the sun, either with the naked eye 
or through an ordinary telescope or binocu- 
lars, because the sun's rays may damage 
the eyes, and blindness could result. 

Instruments for observing the sun have 
existed for many hundreds of years. Before 
the invention of the telescope and other 
modern astronomical devices, people 
used simple mechanical solar instruments 
to measure the positions and paths of 
the sun. 

... Most modern solar telescopes are very 

different from ordinary astronomical tele- 
Scopes. A solar telescope may be very large 
and complicated. One kind of solar tele- 
Scope is called a tower telescope, because 
the mirrors and lenses for concentrating 
sunlight are located atop a tower. 
. A A tower telescope projects an enlarged 
image of the sun down the tower onto à 
Screen at ground level. Below the tower are 
instruments such as spectographs and spec- 
troheliographs for analyzing this image. 

Another type of solar telescope is the 
coronagraph. |t reduces the glare of the 
Photosphere by means of a polished metal 
disk and nearly perfect lenses. In this way, 
astronomers can study the corona even 


The last phase of a solar eclipse. During an eclipse 
astronomers can study the chromosphere, the layer 
of gas close to the surface of the sun. The bright 
spots along the rim of the sun are solar eruptions 
occurring in the chromosphere 


when there is no total solar eclipse, The 
coronagraph is usually located on a moun- 
taintop, where the air is thin and dust-free 

Radio telescopes are used to detect 
radio waves, which are normally "broad 
cast" by the chromosphere and the corona 
A solar radio telescope is called a radiohe 
liograph 

The solar instruments described so far 
are ground-based — that is, they are located 
on or very near the surface of the earth. In 
addition, instruments are being sent into 
space, aboard small unmanned astronomi 
cal observatories, The craft are placed into 
orbit far above the earth's disturbing atmo 
sphere. Some satellites, such as the U.S 
OSO (Orbiting Solar Observatories), are 
devoted to studying the sun These vehicles 
make observations by remote control from 
ground stations. OSO satellites detect solar 
ultraviolet radiation, X rays, and particles 
usually absorbed high in the earth's atmo 
sphere. The U.S. manned space observato- 
ry, Skylab, and its Russian counterpart, 
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Solar eruptions send huge amounts of radiation into space. Some of t 
radiation penetrates the earth's magnetosphere. 


Soyuz, have also carried out such observa- 
tions. The U.S.-West German Helios satel- 
lites, which have made the closest ap- 
proaches to the sun, have also gathered 
much information. 

Much routine solar observation is car- 
ried out by means of ground-based optical 
instruments of several types. They analyze 
sunlight for clues to conditions in the sun. 
These instruments are commonly used with 
solar telescopes. 

One such instrument is the spectro- 
graph, which, like the spectroscope, breaks 
up light from a telescopic solar image into a 
series of colored bands from violet to red 
called a spectrum. The temperature of the 
sun’s surface is found, for example, by 
measuring the quantities of energy in the 
various spectral colors, which represent 
different wavelengths of light. The spectro- 
graph also reveals the chemical composi- 
tion of the sun. 

Other instruments produce filmed rec- 
ords of gas movements on the sun and 
Study the visible radiation of the sun. There 
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are also devices and films to register invisi- 
ble solar radiation: X rays, radio waves, 
and ultraviolet and infrared radiation. j 

Monochromatic photographs and im- 
ages of the sun made from otherwise invisi- 
ble radiation allow us to see aspects of the 
sun that we would never ordinarily see. 
Monochromatic photographs, for example, 
show clearly small details of the promi- 
nences, photospheric granulation, flares, 
and sunspots. 


ROTATION OF THE SUN 


Like the earth, the sun spins on its 
axis. The sun is also like the earth in that it 
spins, or rotates, from west to east. But the 
sun does not spin at the same speed every- 
where. Some parts spin faster than other 
parts. Astronomers have several ways to 
calculate the rate of the sun’s rotation. 

Sunspots and faculae that last for sev- 
eral weeks or months seem to move steadi- 
ly around the sun. Actually, they are car- 
tied along as the sun rotates. The spots and 
faculae thus enable astronomers to measure 


the speed of solar rotation in those latitudes 
where spots occur. 

In latitudes where spots and faculae 
are absent, other methods must be used to 
Measure the sun’s period, or “day” —the 
time it takes the sun to complete one turn 
on its axis. An instrument useful for this 
purpose is the spectroscope. This device 
breaks up ordinary white sunlight into a 
spectrum. 

The sun’s spectrum is crossed by many 
dark lines. It is really these darks lines that 
provide clues to solar rotation. When the 
sun moves away from an observer, the dark 
lines shift their positions toward the red end 
of the spectrum. If the sun approaches the 
observer, the lines shift in the opposite 
direction, toward the violet end of the spec- 
trum. These shifts of the spectrum lines are 
called the Doppler effect. 

As the sun spins on its axis, one side of 
the sun approaches the observer. At the 
Same time, the other side moves away. 
From studying the resulting Doppler effect, 
astronomers find the period of the sun at 
any latitude. 

Investigators have discovered that the 


A spectacular solar prominence 
spanning more than 588,000 kilo- 
meters across the surface of the sun. 
This Skylab photo also reveals a 
relative absence of supergranula- 
tion near the solar poles. 
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period is shortest at the equator — 26.9 
days. Rotation becomes slower farther 
away from the equator. At the north and 
south poles the period is 34 days. This dif- 
ference of nearly ten days in period be- 
tween the solar equator and the poles is due 
to the fact that the sun is not solid. 


CHEMISTRY OF THE SUN 


Our knowledge of the chemical ele- 
ments in the sun is based mostly on study of 
the solar spectrum. The sun's spectrum, as 
we said, is covered by many dark lines. 
These are called Fraunhofer lines, after a 
German physicist, Joseph von Fraunhofer, 
who discovered them in the 1800's. Fraun- 
hofer lines are also known as absorption 
lines. They represent certain colors, or 
wavelengths, of light absorbed by different 
elements in the sun's atmosphere. 

The atoms of an element, when hot 
enough, emit light of certain colors. The 
atoms also absorb light of these colors, thus 
producing dark absorption lines. The com- 
bination of colors and lines forms a spec- 
trum characteristic of the element. Spec- 
trums of earthly elements have been pro- 
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duced in laboratories and compared with 
the solar spectrum. In this way, chemists 
have learned what elements exist in the 
sun. 

A number of the absorption lines seen 
in the solar spectrum, however, are caused 
by certain atoms in the earth’s atmosphere. 
These atoms absorb some of the sunlight 
passing through the atmosphere. There are 
about 6,000 of these so-called felluric 
("earth") lines. But scientists can easily dis- 
tinguish telluric from solar lines. For exam- 
ple, telluric lines show no Doppler effect 
from the sun’s rotation. 

Astronomers have learned that most, if 
not all, of the chemical elements present 
on earth also exist in the sun. Hydrogen js 
the most common solar element, making up 
more than 80 per cent of the sun’s mass. 

Helium is second, at 19 per cent. The 
remaining one per cent of the solar mass 
consists mostly of the following important 
elements, in descending order of amounts: 
oxygen, magnesium, nitrogen, silicon, 
carbon, sulfur, iron, sodium, calcium, 
nickel, and a few other trace elements. 

The sun is a mixture of gas atoms, 
atomic nuclei, and still smaller atomic parti- 
cles. These atomic particles are electrons, 
protons (positively charged), neutrons (no 
charge), positrons (positively charged), and 
neutrinos (no charge). 

This entire mass of hot gaseous solar 
material is called a plasma. The high tem- 
peratures make it almost impossible for 


most chemical compounds to exist in the 
sun. 


SOLAR RADIATION 


The sun radiates energy at practically 
all wavelengths. This electromagnetic ener- 
gy ranges from long radio waves to shorter 
waves: microwaves and the infrared, light, 
ultraviolet, and X rays. We see only the 
light waves. The infrared we sense as heat. 
The other forms of radiation can be detect- 
ed only by means of special instruments 
and films. 

There is some question whether the 
rate of solar radiation is always exactly the 
same. The amount of light leaving the sun 
seems to be steady, or constant. But the 
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quantity of other kinds of radiation emitted 


by the sun may depend on the number of 
sunspots present. 

The sun also sends subatomic particles 
into space. Particle emission increases 
sharply during a sunspot maximum, when 
solar flares are exceptionally strong. Flares 
release vast numbers of protons trons, 
and atomic nuclei. 

Even during a sunspot minimum, the 


sun is always emitting particles. A fine 


“rain” of particles that passes from the cor- 
ona toward and around the earth is called 
the solar wind. 

Many solar particles do not reach the 
earth or its atmosphere. They are trapped 
by the earth’s magnetic field and become 
part of a belt of radiation—the Van Allen 
belt—surrounding the earth. 

About 30 per cent of the solar radia- 
tion is screened away from the ground by 
our atmosphere. It is well that this is so, for 


some of this radiation is deadly 
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solar radiation ionizes many of 
gher atmospheric gases, pro- 
cally charged layers. Many 
call these layers the ionosphere. 

here shields the earth below 
ıl solar radiation. It also makes 
ice radio communication possi- 
th. This is because certain radio 
ce off the ionosphere back to- 
round instead of going off 
space. Radio communication 
y be disrupted from time to time 
inspot maximum, because in- 
radiation and particles disturb 
mospheric layer. 
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sun radiates energy at a fantastic 


loes all the energy come from? 
een speculating about this for 


uries. 


nost widely held belief until the 


ie nineteenth century was that 
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the sun is a huge ball of fire. If fire were the 
source of the sun's energy, what would the 
fuel be? Wood? Coal? Oil? Hydrogen gas? 
None of these, even in a mass the size of 
the sun, could ever burn for more than a 
few thousand years. 

Nineteenth-century scientists did not 
know about nuclear energy. Therefore, if 
they did not accept the idea that the sun is a 
mass of flames, they had to look for other 
causes of the sun's light and heat. 

One theory held that solar energy re- 
sulted from the impact of meteorites falling 
into the sun. This idea is not at all sound, 
since little heating of the sun would result. 

In the 1850's, the German physicist 
Hermann von Helmholtz offered an expla- 
nation of solar energy that satisfied most 
astronomers. Helmholtz proposed that light 
and heat energy comes from contraction, or 
shrinking, of the sun. According to his the- 
ory, energy is released as gravity keeps on 
compressing solar gas into a smaller and 
smaller volume. 

Helmholtz calculated that a decrease 
in the diameter of the sun of only 85 meters 
per year would keep up the rate of solar 
energy output for 25,000,000 years from 
the time of the sun's origin. In view of the 
knowledge of Helmholtz and many other 
scientists of his day concerning the age of 
the sun, this was long enough. Also, this 
rate of shrinkage would not have reduced 
the size of the solar disk noticeably during 
man's few thousand years of recorded his- 
tory. 
But today, scientists know that the sun 
is at least 5,000,000,000 years old. Helm- 
holtz's theoretical contraction could never 
have been in process for all that time. 

Another possible source of solar ener- 
gy was once considered to be radioactivity: 
the nuclear decay of heavy atoms--a phe- 
nomenon discovered in the late nineteenth 
century. But spectroscopic study ofthe sun 
shows that it lacks, perhaps entirely, heavy 
radioactive elements, such as radium, tho- 
rium, and uranium. 


Closeup of a limb surge. An explosion is occurring 
in the region between the chromosphere and the 
corona, resulting in the release of tremendous 
amounts of radiation. The different colors indicate 


different radiation levels. 
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This Skylab photo shows the sun's hot 
outer layer, or corona. It has a temper- 
ature of more than 1,000,000° Celsius 
and its characteristic radiation is X 
rays. Yellow light and temperatures 
about 6,000° Celsius characterize the 
photosphere. 


ATOMIC ENERGY OF THE SUN 


In 1939, the German-American physi- 
cist Hans Bethe proposed an atomic, or 
nuclear, explanation of the sun's energy. 
What goes on deep in the sun's interior is 
probably what happens in a fusion reaction. 
Four nuclei of hydrogen atoms fuse, or join, 
to form the nucleus of a helium atom. As a 
result, terrific energy is released. 

Bethe's fusion cycle takes place in six 
steps, which chiefly involve the element 
carbon, as well as hydrogen. This complex 
cycle is thus also called the carbon cycle. 
The carbon in the sun is used in the pro- 
cess. But carbon atoms are also produced 
during the reactions. The net result is that 
the number of carbon atoms is not changed. 
On the other hand, hydrogen is used up. 

We now know that the carbon cycle 
occurs in very hot stars. But the sun is so 
cool, compared to other stars, that another 
reaction is more important: the proton-pro- 
ton reaction. In this process solar energy 
comes from the direct fusion of hydrogen 
nuclei, or protons, without going through 
the six-step carbon cycle. The proton-pro- 
ton process also consumes hydrogen. 

Scientists have figured that 100 metric 
tons of hydrogen changing into helium 
yields more energy than mankind now 
uses in one year. At the present rate of 
solar energy production — about 4,000,000 
metric tons of mass or matter turning 
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into pure energy per second—the sun 
contains enough hydrogen to remain 
as bright and hot as it is today for the 
next 30,000,000,000 years and perhaps 
longer. 


SUN AND EARTH 


Most of the earth exists as we know it 
only because of the sun's light and heat. 
The sun makes all life possible. There 
would even be no weather without the sun. 
The sun directly or indirectly provides us 
with energy to light and heat our homes and 
to power our machines. 

Because it is so small and so distant 
from the sun, the earth gets only about 
1/2,000,000,000 of the total solar energy 
output. Yet this tiny fraction of the sun's 
energy that does reach us is awesome in its 
power and effects. , 

The quantity of solar energy reaching 
the edge of the earth's atmosphere equals 
about 2 calories per square centimeter per 
minute. A calorie is the quantity of heat 
needed to raise the temperature of 1 gram 
of water 1? Celsius. 1 

The rate of 2 calories per square centi- 
meter per minute is called the solar con- 
stant. About 70 per cent of this energy, on 
the average, reaches the ground. The 
earth's atmosphere cuts off the rest. 

The sun provides light, warmth, food, 
and oxygen. Light and warmth are obvious 
benefits provided by the sun. But how does 


An artist's 
shapes th: 


the sun provide food and oxygen? Green 
plants use solar energy to make food from 
carbon dioxide and water. As the plants do 
this, they release oxygen to the environ- 
ment. 

The green plants use the food them- 
Selves and, in turn, also nourish many other 
living organisms, including man. The ener- 
gy from food is really chemical energy pro- 
duced from solar energy by plants. 


SOLAR ENERGY 


Most fuels are a chemical form of solar 
energy. Coal, for example, is actually the 
transformed residue of ancient green plants 
that lived and died many ages ago and were 
buried in the rocks. When we burn coal, we 
release solar energy once stored as chemi- 
cal energy by green plants in their tissues. 
Petroleum, or oil, is similar to coal in this 
respect. 

Hydroelectric plants, which generate 


»nception shows the solar wind as a flow of ionized gases from the sun. The wind 
arth's magnetosphere into a “tail” pointing away from the sun 


electricity from running water, also depend 
on the sun. Without the weather cycle, 
whose energizing force is the sun's heat, no 
rain would fall. There would be no running 
water to move the turbines of hydroelectric 
power stations. 

Solar energy is used more directly in 
various ways by mankind, but on a very 
limited scale as yet. Sunlight heats our 
homes in summertime or the year round in 
the tropics. Solar heat evaporates seawater 
in one rather primitive type of salt-making 
industry. 

Solar energy is strong, but so scattered 
that complex systems of mirrors and lenses 
are needed to collect it for uses demanding 
more power than in the examples just giv- 
en. Once concentrated, however, the power 
of the sun's heat is fearsome. In a solar fur- 
nace, for example, it can melt iron or steel 
at temperatures of several thousand de- 


grees. 
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Sunlight generates electricity in light- 
sensitive cells known as solar batteries. 
They are used most often in space vehicles 
and satellites to power their equipment. 

Solar engines usually produce steam 
for power from water heated by the sun. 
The use of these engines is rather limited at 
present. 

As the earth’s fuel reserves are used 
up, we may have to turn more and more to 
the sun as a source of energy. Efforts are 
being made to harness the sun’s power for 
man’s use. For a discussion of some of 
these efforts, see the articles in The New 
Book of Popular Science section on Energy. 


PAST AND FUTURE 


How long has the sun been radiating 
energy? How long can it continue to do so? 
Scientists are attempting to answer these 
questions. The sun certainly has been shin- 
ing for at least 5,000,000,000 years. At its 
present rate, as we stated earlier, it could go 
on shining for another 30,000,000,000 
years at least, if not longer. 

But has the sun always been radiating 
energy at the same rate? Will it continue at 
the same rate? The answer to the first ques- 


tion is "Maybe"; to the second, “P 


not. 

At present, the amount of vis 
radiation (light) varies only slight 
Many astronomers think that t 
ways been the case. Others, how 
agree. They point to the great ix 
that from time to time have engu 
of the earth's surface. These, the 
evidence that the sun's total rac 
drop off. Even slight decrea 
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Some astronomers believe th: 
sun grows older, it will use up h 
an increasingly fast rate. This woi 
future life-span to about 10,000 
years. As radiation increases, th: 
become so hot that our oceans 
away and most life on earth will b 

When its hydrogen supply fin: 
out, the sun will shrink into a \ 
star—a so-called white dwarf. Late 
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die out completely, becoming a da 


body. As a livable planet, the earth th 


also die. But since this unhappy ev 


probably take place, if at all, thous 


millions of years from now, we n 
WOITy. 


Solar energy that penetrates the earth's magnetosphere causes the northern 
lights, observed here in the night sky over Alaska. 
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Mario Grossi, Geophysical Institute, University of Alaska 
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COPERNICUS 


by Edward Rosen 


Nicholas Copernicus was the founder of 
modern astronomy. 

From time to time in the history of sci- 
ence somebody comes along who starts to 
question a widely held idea. Such a person 
eu often have a great deal of courage to 
a s the accepted theories. He must 
info ave the patience to accumulate the 

rmation necessary to show that the 
CI, idea might be wrong. And finally 
n B. be able to present his new theory 
= ear and convincing way. Copernicus 

s that rare type of scientist. 


THE LIFE OF COPERNICUS 


T His was no easy life. He was born at 
orun in present-day Poland on February 


19, 1473. His father died when Nicholas 
was only ten years old, but his mother's 
brother affectionately looked after the ma- 
terial needs of his talented nephew. The 
uncle became a bishop in 1489 and ar- 
ranged that the young Copernicus was 
elected a canon of the Cathedral of From- 
bork (or Frauenburg) Canons held their 
jobs for life and were assured an ample, 
steady income. 

Copernicus acquired the rudiments of 
astronomy at the Jagiellonian University of 
Cracow but for his training in canon law 
transferred to the University of Bologna. 
There Copernicus had the good luck to 
come into close contact with a professor 
who dared to dispute statements made by 
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Ptolemy, the greatest ancient authority on 
astronomy and geography. Copernicus also 
learned of a just-published work that called 
attention to a grave defect in a theory of 
Ptolemy. Young Copernicus then began to 
question whether the ancient Greek astron- 
omer’s theory of the structure of the uni- 
verse was accurate. This idea would occu- 
py the rest of his life. His great work De 
revolutionibus orbium coelestium (or Revo- 
lutions, as we will refer to it) was written 
and revised over a period of many years. 
Copernicus did not consent to its publica- 
tion until shortly before 1543, the year of 
his death. 


PTOLEMY'S ROTATING SKY 


Ptolemy’s plan of the cosmos took at 
face value what we see in the sky. During 
the day we observe the sun emerge from 
the eastern horizon, climb steadily upward, 
and then slip out of sight in the west. At 
night the heavens reveal the moon, stars, 
and planets behaving similarly. Ptolemy 
believed that this daily rotation of the celes- 
tial bodies was the real thing. In other 
words, he believed that the sun, moon, 


stars, and planets moved around the earth. 
Copernicus questioned this assumption. He 
thought that the sun was the center around 
which the earth and other heavenly bodies 
turned. He also thought that the earth 
turned on its own axis. 

Copernicus was not the first to present 
this idea. It had been proposed centuries 
earlier by the ancient Greek astronomer, 
Aristarchus, but when Copernicus revived 
the idea he was making a bold break with 
accepted theories of his time. 

Let's examine just one of the explana- 
tions Copernicus gave to support his theory 
and to refute the accepted Ptolemaic the- 
ory. An attentive observer of the planets 
night after night sees them generally follow 
an eastward course through the pattern of 
the stars. From time to time, however, a 
planet seems to slow down, stop. and re- 
verse its direction. This westward or “ret- 
rograde" motion goes on for a while, after 
which the planet seems to resume its nor- 
mal eastward movement. Ptolemy regarded 
these regularly recurring loops as real 
movements and used detailed geometric 
analysis to try to explain them. 


The Copernican universe: the sun is at the center, and the earth and the other 
planets revolve around the sun. The moon revolves around the earth. This view 
contradicted the widely held Ptolemaic view in which the earth was at the 
center and the sun was thought to be between Venus and Mars. 
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NO- THE 


EARTH MOVES 


It took the genius of a Copernicus to 
realize that these loops did not really occur. 
Consider the planet Mars, for example. 
According to Copernicus’ theory, it runs 
around the sun about once every two years, 
orin approximately twice the time required 
for the earth to revolve once around the 
sun. Star! these planets moving at the 
moment when they are both aligned with 
the sun. The earth is closer to the sun than 
Mars is. In a month, the earth on its "inside 
track" has advanced, say 30°. In about that 
same time Mars on its “outside track" has 
moved forward only 15°. Hence the line of 
Sight drawn from the observer on earth past 

- Mars to the more distant stars has moved 
backward. It appears that Mars has moved 
westward. But, in fact, Mars has moved 
eastward but has simply not kept up with 
the earth's "inside track" movement. 


EARTH NO LONGER SPECIAL 


_In removing the earth from its central 
Position and in making it like other bodies, 
turning around the sun, Copernicus made 
his boldest break with accepted ideas. Until 
then the earth had always been contrasted 
with the celestial bodies. In this “split-lev- 
el” concept of the universe, the earth was 
downstairs, the heavens upstairs. From the 
innermost of the celestial bodies—the 
moon — out to the most remote —the stars — 
Stretched heaven. In the Copernican the- 
ory, all of this was no longer true. There 


Ptolemy explained the retrograde loops 
of the planets in terms of a complicated 
system of circular motions upon circular 
motions. It was assumed by Ptolemy (and 
by Copernicus too) that celestial bodies 
move uniformly and in perfect circles. 
Therefore, explaining motions as irregular 
as the retrograde loops took some doing. 
The diagram, far left, shows two of the 
mechanisms used in Ptolemy's theory of 
planetary motions. The epicycle rotates 
at a uniform rate carrying the planet (P) 
around in a circle. The epicycle in turn is 
carried around on a deferent that rotates 
around the unmoving earth (E). The com- 
bined motion of epicycle and deferent 
produces retrograde loops, as seen at 
near left. 


was no contrast between heaven and earth. 
The earth itself was in the heavens along 
with the other planets. There was nothing 
unique or special about it. This view dis- 
turbed many people, including most of the 
powerful churchmen of the time. Coper- 
necus hesitated to make his views public, 
but they gradually became known, and 
he finally consented to have his work— 
Revolutions — published. 


INFLUENCE 


When Copernicus’ Revolutions was 
finally published, it had a vast influence on 
the development of science and of thought 
in general. Since it was published near the 
time of this death, Copernicus did not suffer 
any possible repercussions for attacking the 
established and church-approved view of 
the universe. But later scientists, who went 
on to provide the proof of Copernicus' 
ideas, did suffer at the hands of those who 
did not want to give up the earth-centered 
ideas of the universe. 

Gradually more and more scientists 
began to accept the Copernican view and to 
expand and advance his theories. Johannes 
Kepler and Isaac Newton, for example, 
provided an explanation of how the planets 
moved in their orbits around the sun. It 
was not, however, until the nineteenth cen- 
tury that the Copernican view of the uni- 
verse was finally confirmed, and all could 
accept the statement of a celebrated astron- 
omer that “the work of Copernicus was the 
greatest step ever taken in astronomy." 


COPERNICUS 


81 


82 


THE SOLAR SYSTEM 


by Fred L. Whipple 


If you were out in space, thousands of 
millions of kilometers away from our plan- 
et, you would see the earth as a tiny ball 
moving in a wide path around a star that 
you might recognize as our sun. You would 
also see, at various distances from the sun, 
eight other spherical bodies of different siz- 
es—the other planets —all traveling in the 
same direction in almost circular paths 
around the sun. Moving around some of the 
planets you would see smaller balls — the 
satellites, or moons, of the planets. 

In the space between the orbits of two 
of the planets - Mars and Jupiter—there 
would be thousands of little planets, or as- 
teroids, also revolving around the sun. Cut- 
ting in, this way and that, across the paths 
of the planets, you would see comets— 
starry-headed objects, sometimes with long 
tails streaming after them as they drew near 
the sun. You might also catch a glimpse of 
swarms of even smaller particles —the me- 
teors — swirling through space. 

All these bodies —sun, planets, satel- 
lites, asteroids, and meteors — make up our 
vast solar system. If you continued to view 
them for months or for years, you would 
see that they are moving together through 
Space as a unit, at the rate of some 19 kilo- 
meters per second, in the general direction 
ofthe blue star Vega. 


THE SUN 


The sun is the very heart of the solar 
System. It is a typical star—one of the sev- 
eral thousand million in our galaxy. Like 
the rest, it is an incandescent body made up 
of highly compressed gases. It is far closer 
to us than any other star. The distance from 
the earth to the sun is about 150,000,000 
kilometers. The next nearest star, Alpha 
Centauri, is more than 200,000 times far- 
ther out in space. When Alpha Centauri 


Comet Tago-Sato-Kosaka. Comets are unusual 
members of the solar system: they orbit the sun in 
elongated ellipses and often develop a tail as they 
near the sun. 


THE SOLAR SYSTEM 
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galaxy, the sun is of average size, but it is a 
giant in comparison with even the largest 
planets. Its diameter of 1.4 million kilome- 
ters is 109 times that of the earth. Even 
though s gaseous, it weighs more than 
300,000 t as much as the earth. Its sur- 
face temperature is about 5,500? Celsius. At 
its cente temperature may be as high 
as 15,00 )° Celsius. The heat energy and 
light en idiating from the,sun make it 
possible ife to exist upon the earth. 
Also, w ut the reflection of the sun's 
light, w uld not see the other members 
of the system, except for the comets 
and met 


Dept. of Astronomy, University of Michigan 


THE PLANETS 


The planets are the largest bodies in 
the solar system next to the sun, except for 
a few satellites that compare in diameter 
with the small planet Mercury. In order of 
their distance from the sun, the nine planets 
are Mercury, Venus, the Earth, Mars, Ju- 
piter, Saturn, Uranus, Neptune, and Pluto. 
The earth is quite a bit under the aver- 
age size of the planets. It is much smaller 
than Jupiter, Saturn, Uranus, and Nep- 
tune, which are called giant planets. It is 
somewhat larger than Mercury, Venus, 
The illustrations below show the order of the plan- 
ets from the sun outward. The larger diagram also 
shows the satellites of the planets and the aster- 
oids. The smaller diagram indicates the direction in 
which the outer planets revolve around the sun. 
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Mars, and Pluto. All the planets occupy no 
more space in the solar system than nine 
peas would in a huge football stadium. 

Each planet travels around the sun ina 
giant ellipse, which is very nearly a circle. 
The orbits of all the planets are more or less 
in the same plane, except for that of Pluto, 
the outermost planet. The orbit of Pluto 
is inclined 17 degrees to that of the earth. 

In general, as the distance from the sun 
increases, the planet paths are more and 
more widely separated. The 18th-century 
German astronomer Johann Elert Bode 
devised a simple rule of thumb, called 
Bode’s Law, for determining the distances 
of the planets from the sun. Since this law 
has no real theoretical basis, we need not be 
surprised that it breaks down in the case of 
the two most distant planets. 


SATELLITES 


The Earth, Mars, Jupiter, Saturn, Ura- 
nus, and Neptune have satellites, or moons, 
revolving around them. Recent observa- 
tions have led some scientists to believe 
Pluto may also have one. Most of these sat- 
ellites move around their planets in the 
same direction as that in which the planets 
move around the sun. 

Jupiter, the largest of the planets, has 
fittingly a large number of satellites. Six- 
teen have been discovered thus far. They 
are especially interesting because, together 
with Jupiter, they form a sort of miniature 
solar system. Like the planets, Jupiter's 
satellites move in a single plane. They are 
spaced somewhat as are the planets. 

Saturn may have as many as 21 satel- 
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lites, and a vast system of tiny moonlets 
that reflect sunlight to form a magnificent 
halo around the planet's disk. Jupiter and 
Uranus also have rings, much fainter than 


the bright rings of Saturn. Neptune, too, 
may prove to be ringed. Uranus has five 
moons, Neptune two, Earth one, and Mars 
two. Mercury and Venus have none. Plu- 
to’s moon, called Charon, was first de- 
tected in 1978. Mars’ larger moon, Phobos, 
revolves around Mars faster than Mars 


turns on its axis. As a result Phobos rises 
in the west and sets in the east 


ASTEROIDS 
According to Bode's Law, there is à 


gap between Mars and Jupiter. Astrono- 
NASA 


Deimos, the smaller of Mars’ two 
satellites, was photographed by the 
U.S. Viking 1 space probe. Note the 
heavily cratered surface 
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mers in Bode's day felt sure that there must 
be an undiscovered planet between these 
two bodies, and they eagerly searched the 
skies for it. On the night of January 1, 1801, 
the Italian astronomer Giuseppi Piazzi dis- 
covered a small celestial body, which he 
took to be a planet, in the space between 
the orbits of Mars and Jupiter. This body, 
which was later called Ceres, was found to 
have a diameter of only 770 kilometers. 
Other small planetlike bodies were found in 
the course of time in the gap between Mars 
and Jupiter. 

Today more than one thousand of 

these small bodies have been discovered, 
and it is estimated that there are more than 
50,000 in all. They are known as minor pla- 
nets, or asteroids. The orbits of some ex- 
tend beyond the Mars-Jupiter space. The 
Combined mass of the asteroids is only a 
fraction of the earth’s mass. 
. . Nobody knows how the asteroids orig- 
mated. According to one theory, they rep- 
resent the fragments of a big planet whose 
orbit lay between the orbits of Mars and 
Jupiter and that broke apart for some un- 
known reason, This theory has, however, 
been recently shown to be untenable. More 
Probably, there were several smaller pla- 
nets in this area, and they collided, breaking 
Up into many tiny asteroids. 


COMETS 


Among the strangest members of the 
sun’s family are the comets. They abide by 
none of the rules that govern the nine pla- 
nets and the thousands of asteroids. Instead 
of moving in nearly circular orbits in a sin- 
gle direction, the comets revolve around 


Johann Elert Bode devised a rule for planetary 
distances. 
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THE PLANETS 


Average 
Mean Distance 
Diameter from the : 
in Sun in Period of Period of Number Atmospheric 
Planet Kilometers Kilometers Revolution Rotation — of Moons Composition Albedo** 

Mercury 4,862 58,000,000 88 days 59 days 0 He 06 
Venus 12,190 108,000,000 225 days -243 days* 0 CO, 76 
Earth 12,725 149,600,000 — 365 days 23.9 hours 1 N,O 36 
Mars 6,780 228,000,000 — 1.9years 24.6 hours 2 CO, 16 
Jupiter 142,860 779,000,000 11.9 years 9.8 hours 16 NH,,CH, 73 
Saturn 120,000 1,428,000,000 29.5 years 10.6 hours gg NH,,CH, 76 
Uranus 50,100 2,875,000,000 84 years 24 hours 5 CH,,H, 93 
Neptune 48,600 4,500,000,000 164.8 years 22 hours 2 NH,,CH, 84 
Pluto 2,400 6,000,000,000 248.4 years 6.39 days 1 CH, 14 


"Minus sign indicates rotation opposite to other planets. 


"' Albedo is the reflecting power of a planet or other nonluminous body. It is expressed as a ratio of the amount of light reflect 
compared to the amount of light that falls on the body from an outside source. Mercury, for example, reflects 6% of the light that fal 


*'*21 discovered but not confirmed. 


from the body 


the sun in exceedingly elongated ellipses 
and in every conceivable direction. Much 
of the time they are so far away from the 
sun that they are invisible even in our larg- 
est telescopes. It was formerly thought that 
some comets approach the sun from far 
beyond the solar system and that, once they 
withdraw from the sun, they never return. 
Today it is generally agreed that comets 
are members of the sun’s family. 

When first discovered, comets usually 
appear as faint, diffused bodies, which are 
densest at the center. The dense part, 
which looks like a tiny star, is called the 
nucleus. The veillike region that surrounds 
it is known as the coma. As the comet 
approaches the sun, the coma becomes 
brighter. At a distance of some 160 million 
kilometers from the sun, some comets begin 
to show nebulous matter streaming away in 
the direction opposite the sun and forming 
a tail. This apparently consists of very thin 
gases that shine by absorbing and reflecting 
the sunlight that falls upon them. They are 
forced away from the sun by the pressure 
of the solar wind. Many comets never de- 


THE SOLAR SYSTEM 


velop a tail. They remain vague and diffuse 
bodies even when they are close to the sun. 


METEORS 


It is believed that comets may break 
up into the particles that are sometimes 
seen entering the earth’s atmosphere as 
meteors. Meteors range in size from frag- 
ments no larger than pinheads to huge 
stones weighing many tons. We become 
aware of meteors only through the bright 
light produced when they collide with air 
molecules in our atmosphere. Most mete- 
ors disintegrate after striking the atmo- 
sphere. Some of them, however, land on 
the earth. These are called meteorites. A 
small number of meteorites are thought to 
be of lunar origin; some may be fragments 
of asteroids; and some may even have a 
Martian heritage. 

The vast majority of meteors are ex- 
ceedingly small. The bright flash of light 
seen when a meteor passes overhead is 
usually caused by an object the size of a pea 
or smaller. In the heavens these tiny parti- 


cles form great clouds of dust in certain 
areas of the sky. It is probable that such 
clouds, reflecting the light of the sun, cause 
the faint glow in the heavens that may 
sometimes be seen just before sunrise or 
just after sunset. 

EARLY IDEAS OF THE SYSTEM 


In the light of our present knowledge 
of the solar system, it is hard to realize that 
only a few centuries ago men had an entire- 
ly erroneous conception of the relations 
between the sun and its family. A few an- 
cient Greek astronomers suggested that the 
earth moved around the sun, but this idea 
won scant support. Most scholars in antiq- 
uity held an entirely different sort of theory 
which to us seems fantastic. They did not 


realize that the earth itself is a planet, or 
wanderer in the heavens, which incidentally, 
is what planet means. The earth, they 
thought, hung motionless in the very center 


of the universe. They held that each of the 
five planets then known (Mercury, Venus, 
Mars, Jupiter, and Saturn) was attached to 
a great invisible crystal sphere. The moon 
and the sun were attached to other spheres. 
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The crystalline spheres, set one within the 
other, revolved around the earth, carrying 
with them the heavenly bodies that were 
attached to them. This theory satisfied most 
people; yet careful observers of the sky 
found in time that it could not explain cer- 
tain phenomena. 

For one thing, the movement of the 
planets in the skies seems to be irregular, 
with the planets apparently moving more 
rapidly at one time than another. As- 
tronomers sought to solve this difficulty by 
placing the earth somewhat off-center in the 
universe. But in so doing they left another 
puzzling phenomenon unexplained. There 
comes a time when a planet ceases its ap- 
parent eastward motion among the stars. It 
turns about and moves westward for a time. 
To explain this “reverse motion” of the 
planets, a complicated system of epicycles 
was invented. It was held that each planet 
traveled along the circumference of a small 
circle, the center of which traveled along 
the circumference of a larger circle. The 
earth, it was maintained, was at the center 
of the larger circle. 

For over a thousand years this concep- 
Charles Eames, IBM 
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Copernicus revived the theory 
of the sun-centered solar 
system. A portion of his manu- 
script describes their order 
relative to the sun. 
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tion of the universe prevailed. It was taught 


E) Dena, in the schools of the late Roman Empire 
24 Slog. and in medieval universities. In the first half 
"ea Qe of the sixteenth century, however, a Polish 


astronomer, Nicholas Copernicus, revived 


So, enc O0 


: the suggestion that the earth moves around 

2- be Qx* the sun. He held that the other planets also 

RM revolve around that heavenly body. Coper- 

: nicus's system, presented to the world in 

*O x 1543, was called the heliocentric theory 

since it placed the sun (helios, in Greek) at 

KON cae the center of the universe. The Polish as- 

rQ > tronomer’s ideas were quite sound, on the 

ICT] whole, but they were based on insufficient 

£ ey eee aO observation. They were inadequate in some 
QR EMT MC eG Oe respects and wrong in others. 
u. * ENO MEE: MOTIONS OF THE PLANETS 

RoE Ae oe ad It required the efforts of several other 

great astronomers to prove that the heli- 

Vi a x SEOs ocentric system of Copernicus had a solid 

14 Cone, xe ar or core of truth, for all its defects. The 16th- 

7 century Danish nobleman Tycho Brahe 

Me ads made a long and accurate series of observa- 

16. Cross +O >x» tions, which later investigators used as a 

eae Sy A point of departure. Galileo Galilei, a great 

Italian physicist, who lived from the mid- 

XOT Ses 16th to early 17th century, staunchly 

a. Of o upheld the Copernican system in his influ- 


ential writings. Johannes Kepler, a German 
disciple of Brahe, drew up three laws of 
2 planetary motion that still hold good today. 
Copernicus had maintained that the planets 
move in circular orbits around the sun, and 
this belief led to confusion. Kepler showed 
that orbits are ellipses—not circles. 
Kepler’s laws clearly explained the 
nature of the planets’ movements around 
the sun, but Kepler did not analyze the 
force that brings about these movements. 
This force was first revealed in 1687 when 
the great English scientist Isaac Newton 
presented his law of universal gravitation. 
The law states that every particle of matter 
in the universe attracts every other particle 
with a force that varies directly as the prod- 
uct of their masses and inversely as the 
Galileo's drawi n Yerkes Obsevaroy square of the distance between them. New- 
moons. A oR pcs curo XA ton showed mathematically that this is truly 
are used to represent moons. At certain times only a universal law, since it applies not only to 
two of Jupiter's moons were visible to Galileo; at Objects upon the earth but to heavenly 
other times he could see three or four. bodies — from meteors to stars — as well. 


* nc ow 
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The giants of the solar system. Top photo: Jupiter, 
the largest planet. Lower photo: Saturn, the second 
largest, with its system of rings. 


The law of universal gravitation ex- 
plains why planets, asteroids, and meteors 
keep turning around the sun. This huge 
body binds the planets to itself because of 
its strong powers of attraction. Universal 
gravitation also explains why we do not fly 
off the earth even though, at the equator, it 
is spinning around at the rate of 1,600 kilo- 
meters an hour. People and animals and 
rocks alike are drawn toward the center of 
our planet by the force of gravitation. Con- 
sequently, the earth has no "bottom side" 
from which objects can fall off into space. 
The force of gravitation holds the air and 
the oceans to the earth. Even the moon, 
380,000 kilometers away, feels the effect of 
the earth's attraction and because of it con- 
tinues to revolve around our planet. 

_ By utilizing the law of universal gravi- 
tation, we can now analyze the motions 
of the planets with a very high degree of 
accuracy. We can account for the small 
deviations that arise as one planet affects 
the orbit of another. It was the study of 


such deviations that led directly to the 
discovery of the planet Neptune. 

After Uranus had been discovered by 
Sir William Herschel in 1781, careful 
studies showed that it did not exactly fol- 
low the orbit that had been predicted for it 
in accordance with the law of universal 
gravitation. This led a young Englishman, 
John Couch Adams, and a noted French 
astronomer, Urbain-Jean-Joseph Leverrier, 
to the conclusion that Uranus was being 
attracted by another planet even more dis- 
tant from the sun. Both men calculated the 
position in the sky of the unknown planet 
without ever having seen it. On September 
23, 1846, on the basis of Leverrier’s calcu- 
lations, the German astronomer Johann 
Gottfried Galle located Neptune almost 
exactly where Leverrier had placed it, in 
the constellation Aquarius. This discovery 
proved that the law of universal gravitation 
applies to the universe as well as to objects 
upon the earth. 

Today we realize that this law is not 
the last word in the analysis of motion in 
the universe, for it has been modified by the 
theory of relativity proposed by Albert 
Einstein. The modification in question is 
exceedingly slight, however. Thus far it has 
been applied to only one case of solar-sys- 
tem motion. The perihelion of the planet 
Mercury, the point where it is nearest to 
the sun, moves forward about forty seconds 
of arc farther in a century than is predicted 
by Newton’s law. The theory of relativity 
predicts very nearly the observed amount. 
But this exceptional case does not invali- 
date the law. It is still held to be 99.99999 
per cent accurate as far as the solar system 
is concerned. 

We have found out many things about 
the solar system since the discovery of the 
law of universal gravitation. We have suc- 
ceeded in weighing the sun, the earth, and 
other members of the sun’s family, and we 
have determined the distances between 
them. Utilizing such devices as the spectro- 
scope, the spectroheliograph, and the ther- 
mocouple, we have analyzed the composi- 
tion and measured the temperature of the 
sun and of many other bodies in the solar 


system. 
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MERCURY 


Mercury is the nearest of the planets to 
the sun. It is the second smallest but, at 
certain intervals, one of the brightest. In 
spite of that fact, it is generally not easy to 
see with the naked eye. For one thing, it 
appears in the heavens only during the 
hours of twilight and dawn, when even very 
bright stars do not appear at their best. Be- 
sides, it is often obscured by haze near the 
horizon. The great Polish astronomer Nich- 
olas Copernicus once lamented the fact that 
he had not been able to see Mercury at all 
in his many years of observation of the 
heavens. Perhaps this was due to the nature 
of the district where he lived—the low and 
misty region of eastern Prussia where the 
Vistula flows into the Baltic. 


MORNING AND EVENING STAR 


Mercury makes such a small circuit 
around the sun that it is always compara- 
tively near that body. It never rises in the 
morning or sets in the evening much before 
or after the sun. Because of its appearance 
sometimes in the east and sometimes in the 
west, some ancient peoples—including the 
Egyptians, Hindus, and Greeks—thought of 
it as two separate heavenly bodies—a 
morning star and an evening star. The 
Greeks called the morning star ‘‘Apollon’’ 
after the god of the sun, and the evening 
star "Hermes," the name of the swift mes- 
senger of the gods, because the planet’s ap- 
Parent motion among the stars was so 
swift. It is said that the Greek philosopher 
Pythagoras, who lived in the sixth century 
B.C., was the first to recognize that the 
morning star and evening star were one and 
the same heavenly body. That fact was well 
known to Roman astronomers. Hermes 
was worshiped by the Romans under the 
name of Mercury (Mercurius, in Latin). 

In the Northern Hemisphere, Mercury 


A photomosaic of the heavily cratered surface of 
Mercury. The photos were taken by Mariner 10 dur- 
ing its flybys of the planet. The largest crater seen 
here is 200 kilometers in diameter. 


MERCURY 


can be seen with the naked eye for only a 
few days at dawn in late summer or early 
autumn and also at twilight early in the 
spring. Using telescopes, astronomers do 
not have to confine their observations of 
the planet to these periods. When viewed 
through the telescope, Mercury looks a 
good deal like the moon as seen with the 


naked eye. The telescope reveals that the 
disk of Mercury has phases like those of 
our moon. It increases from a thin crescent 
to a full disk and decreases again to a cres- 
cent. Then it disappears altogether when 


the planet is almost directly between the 
earth an 


the sun. These phases are not vis- 
aked eye. 

"y is almost perfectly spherical. 
meter of 4,862 kilometers. Its 
it is, the average amount of 
tains per unit volume—is very 
similar to that of the earth. The earth's den- 
Sity is 5.52 grams per cubic centimeter, 
Whereas Mercury's density is 5.44 grams 
per cubic centimeter. The earth's moon is 
much less dense. 

The average distance of Mercury from 
the sun is about 58,000,000 kilometers. 
However, the orbit the planet follows 
around the sun is shaped like an elongated 
ellipse. Thus at times the planet is closer to 
the sun and at other times farther away. In 
fact, sometimes Mercury is only two 
thirds as far from the sun as it is at other 
times. 

Mercury races around the sun in al- 
most exactly 88 days. This means that one 
earth year of 365 days is equal to more than 
four Mercury years. The speed at which 
the planet moves in its orbital path varies 
according to its distance from the sun. 
When Mercury is farthest from the sun, it 
travels at 37 kilometers per second. When 
it is nearest to the sun, however, it speeds 
up to a velocity of 56 kilometers per second. 


HOW LONG A DAY 


Like every other planet, Mercury ro- 
tates as it revolves around the sun. For a 
long time, it was believed that Mercury 
turned on its axis about as rapidly as the 
earth and so has a day of twenty-four 
hours, However, the nineteenth-century 
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This view of Mercury's south polar region reveals 
craters nested inside one another (top); large cra- 
ters with rims peppered with smaller craters (left); 
and craters with terraced inner walls (left and bot- 
tom right). 


Italian astronomer G. V. Schiaparelli con- 
cluded, from his extensive observations of 
the planet's markings, that its day equals 88 
of our earth days. This idea was held for a 
long time. Because, supposedly, the period 
of Mercury's rotation equalled the period of 
its revolution around the sun (88 earth 
days), it was thought that one hemisphere 
of the planet permanently faced the sun, 
while the other was continually exposed to 
the darkness and cold of interplanetary 
space. Supposedly the sunlit side was 
fiercely hot, while the night side was only a 
few degrees above absolute zero (7273.16? 
Celsius). 

Itis now known that Mercury's period 
of rotation is not the same as its period of 
revolution. This was first determined by 
radar observations in 1965, which showed 
that the planet completes one rotation on its 
axis about every 59 earth days. Therefore 
there is no permanently sunlit side or dark 
side of Mercury. The entire surface of the 
planet comes in for its share of the sun’s 


intense heat. 


MERCURY 


91 


92 


MERCURY 


Left: very long clif T scarps, 


are an unusual ki f surface 
feature on the pla They may 
be formed by comr ve forces 
in the planet's cru The scarp 
that extends from upper left to 
lower right across Picture is 
more than 300 kilor: s long. 
Lower left: rays of it-colored 
material extend ou n a rela- 
tively new crater t side of 
photo), near Mer s south 
pole. 
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MARINER 10 FLYBY 


Because it is so near the sun, Mercury 
is very hard to observe and photograph 
from the earth. Little was really known 
about the planet's surface until 1974, when 
man got his first close look at Mercury. A 
U.S. space probe, Mariner 10, flew to with- 
in 700 kilometers of the planet in March of 
that year. The probe then circled the sun 
and returned to within about 48,000 kilo- 
meters in September. On March 16, 1975, 
Mariner 10 made its last useful flyby, com- 
ing within 320 kilometers of the surface of 
the planet —much closer than on the pre- 
vious two flybys. The wealth of photo- 
graphs and other data collected by special 
instruments aboard the space probe have 
revealed much about Mercury. d 

In the photographs, Mercury 1S 
covered with craters and huge basins and 
looks very much like the earth’s moon. 
Like the moon and Mars, it has a more 
rugged terrain in one hemisphere and a rela- 
tively smooth surface in the other. Temper- 
ature measurements indicate that, like the 
moon, Mercury is probably covered with a 
finegrained, porous material. But unlike the 
moon, the earth, or Mars, Mercury appears 
to have no rifts and cracks in its surface. 
Instead it is crisscrossed with long cliffs, or 
Scarps. To some scientists this indicates 


that the planet has shrunk since it was 
first formed, many hundreds of millions of 
years agc 

Scientists were surprised to discover 
that Mercury has a very thin atmosphere 
consisting of helium. It is so thin that the 
word "atmosphere" gives the wrong im- 


pression, but no such gas envelope had 
been expected at all. Another surprise was 
that Mercury has a weak magnetic field. 
Whether this field is produced by the planet 
itself or produced in some way by the solar 
Wind —the stream of particles flowing out 
from the sun —is not yet certain. But at any 
rate, the interior of Mercury is probably 
earthlike in composition, with an iron core 
and a less dense outer crust. 


MERCURY IN TRANSIT 


Since the planet Mercury lies within 
the orbit of the earth, it is possible for it to 
pass directly between the earth and the sun. 
Such a passage is known as a transit. If 
Mercury's orbit were in the same plane as 
that of the earth, there would be three 
transits of Mercury each year. It would 
revolve about four times around the sun in 
Our year and the earth would revolve only 
9nce during the same period of time. How- 
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The dark-rimmed crater at left, sur- 
rounded by ejected material, resembles 
the crater Tycho on the moon. It is 67 
kilometers in diameter. 


ever, the orbit of Mercury is inclined by 
about 7 degrees to the ecliptic —that is, to 
the plane of the earth's orbit. Mercury, 
therefore, crosses the ecliptic twice in 
every 88 days, but generally not in a line 
with the earth and the sun. 

A transit of Mercury can take place 
only when the planet is between the earth 
and the sun and is, at the same time, cross- 
ing the ecliptic. These conditions are satis- 
fied from time to time, but not at any defi- 
nite intervals. All of Mercury's transits 
occur in May and November. Following is 
a list of the transits from 1970 through 


2003: 


May 8, 1970 Nov. 5, 1993 
Nov. 9, 1973 Nov. 15, 1999 
Nov. 12, 1986 May 6, 2003 


As the planet makes its transit, the astron- 
omer, peering through a telescope, can see 
the tiny black disk creeping across the 
dazzling solar background. This cannot be 
called an eclipse because only an insignifi- 
cant amount of the sun's surface is ob- 
scured. Carefully observing the transit, the 
astronomer can determine the exact posi- 
tion of Mercury in the heavens and can also 
obtain added information about its orbit. 
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Venus shows phases as does the Moon. 


VENUS 


The beautiful white planet whose orbit 
lies between those of Mercury and of the 
Earth is called Venus after the Roman god- 
dess of beauty. The planet is similar to our 
earth in size and mass. Its diameter is about 
12,100 kilometers; the earth’s is 12,725 ki- 
lometers. Its mass is a little more than four- 
fifths that of the earth. Its density is about 
nine-tenths that of our planet. 

Like Mercury, Venus is at times an 
evening star and at other times a morning 
star, depending on whether it is to the east 
or west of the sun as viewed from the earth. 
The planet may rise as much as four hours 
before the sun and may set as much as four 
hours after it. 

Venus revolves around the sun once 
every 225 days in an orbit that is very near- 
ly circular. As the planet revolves, it rotates 
about its axis once every 243.1 earth days, 
from east to west instead of in the west-to- 
east direction of most other celestial 
bodies. The planet is tilted only slightly 
with respect to the plane of its orbit. 

As it proceeds along its orbit, Venus is 
sometimes on the far side of the sun from 
the earth, or at superior conjunction. At 
other times Venus is between the sun and 
the earth, at inferior conjunction. At su- 
perior conjunction it is quite far from earth. 
But at inferior conjunction it is only about 


VENUS 


41,840,000 kilometers away —closer than 
any other planet. These variations in dis- 
tance result in notable differences in the 
apparent size of the planet as viewed from 
the earth. At inferior conjunction, the ap- 
parent diameter is six times greater than at 
superior conjunction. . 
In its orbit around the sun, Venus, like 
Mercury, shows a complete cycle of phases 
to an observer on earth. These phases are 
invisible to the naked eye, but may be seen 
with a small telescope or with good binocu- 
lars. When the planet is at the farthest part 
of its orbit from the earth, it appears as a 
disk. At inferior conjunction it is almost 
never visible. About thirty-five days before 
and after this time, it appears as a crescent 
and is at its brightest two and one-half 
times brighter than when it is seen as a disk. 


THICK CLOUD COVER 


Venus has been explored by 15 space- 
craft of which five were from the United 
States and ten were from the Soviet Union. 
Some of these were orbiters, some were 
landers, and some were both. . 

The planet is completely covered with 
opaque clouds, which make an almost per- 
fect reflecting layer. The albedo of Venus is 
-76; or, to put it differently, the planet re- 
flects 76 per cent of the light it receives 


from the sun. By way of comparison, the 
moon reflects only 7 percent of the light it 
receives. Because of its high albedo, Venus 
is the third brightest object in the sky—the 
sun being the brightest and the moon the 
next brightest. (The moon appears brighter 
to us than Venus does because it is so close 
to us.) 

Pione Venus and Soviet Venera 
probes have made photographs of the Venu- 
sian surí Radar was used by the Pi- 
oneer Venus orbiter to penetrate the thick 
veil of clouds and map most of the planet. 
The mapping reveals mainly rolling plains, 
with some lowland, two large highlands, 
and a number of rift valleys. In 1982 Venera 
13 and 14 transmitted the first color pic- 
tures of the planet's surface. The Veneras' 
chemical analysis of the Venusian crust 
showed it to consist of basaltic rock similar 
to that associated on earth with recent vol- 
canic actis 
HOT, DENSE ATMOSPHERE 

Temperatures and pressures on the 
planet are extremely high. At the surface of 
Venus, temperatures are about 480* Cel- 
sius—hot enough to melt metals such as 
lead, aluminum, and zinc. These very high 
temperatures are believed to be due, at 
least in part, to a process known as the 


"greenhouse effect." In this process, the 
sun's rays pass through the atmosphere and 
warm the planet's surface. The warm rays 
are then radiated outward, but cannot pen- 
etrate the carbon dioxide of the atmo- 
Sphere. Instead, they become trapped 
between the planet’s surface and the bot- 
tom layer of the cloud cover. The entire 
Process works much like a greenhouse, 
Where a glass or plastic ceiling traps warm 
air, making a “hothouse.” 

Air pressures at the base of Venus's 
Cloud cover are up to 100 times as high as 
they are at the surface of the earth. This 
Massive pressure is a great obstacle to ex- 
Ploration of Venus. Unmanned probes last 
Scarcely more than one hour under such 
Conditions. 

v At ground level the atmosphere of 
enus is so dense that it is probably very 
slow-moving. To walk on the surface of the 
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A composite of the five-probe Multiprobe, its 
launching silo, and Venus in the background. 


planet would be somewhat like walking 
through a furnace full of boiling oil. 

About 95 percent of the atmosphere of 
Venus is made up of carbon dioxide. Slight 
traces of oxygen and some hydrogen, nitro- 
gen, neon, and ammonia have also been 
found in the atmosphere of Venus. 

Venus is almost completely dry. Water 
vapor is present only in very small 
amounts—less than 1 percent of the total 
weight of the air. Certainly there is no 
water on the planet’s very hot surface: it 
would boil away. The solid material that 
gives the cloud cover its yellowish appear- 
ance has been identified as elemental sul- 
fur. Some of the material may be dust 
blown up from the surface of the planet. 

At the equatorial region, hot bands of 
air (202° Celsius) spiral upward to a height 
of 70 kilometers. The ascent cools the air 
to about 13° Celsius, and clouds form. 
These circle the planet at 360 kilometers 
per hour and veer poleward. At the polar 
regions, the air descends and moves toward 
the equator while it heats up again. 

Severe winds and storms probably 
occur as the air circulates around the plan- 
et. One enormous, long-lasting storm, some- 
what like Jupiter’s Great Red Spot, was 
observed in the atmosphere. This storm, 
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The most noticeable cloud formation of Venus, 
resembling a huge letter "Y", is wrapped around 
the equatorial area of the equator. This "Y'"-shaped 
formation circles the planet in four to five days. 
Sometimes the stem disappears, but the arms of 
the "Y" seem to be permanent. 


called the Venusian "Eye," was the size of 
the United States. 

The multiprobe of Pioneer Venus 2 
found that there is several hundred times 
more argon and neon in the Venusian at- 
mosphere than in ours. One theory about 
the formation of the solar system had pre- 
dicted that Venus would have less of these 
gases than the earth. Therefore, this finding 
has caused some astronomers to rethink 
this theory. 

The findings of all the unmanned 
probes are that Venus has no appreciable 
magnetic field, unlike the earth. Asa result, 
there is no zone of trapped radiation in a 
magnetosphere, such as surrounds our plan- 
et. However, Venüs does have an ionized 
atmospheric layer, or ionosphere, above its 
surface, due to the reaction between its 
atmosphere with the stream of particles and 
radiation coming from the sun. This iono- 
sphere is much thinner and lower than the 
one on earth, but it does protect Venus's 
surface to some extent from the fierce ra- 
diation from the sun. 


TRANSITS ACROSS THE SUN 
Like Mercury, Venus occasionally 
transits—that is, passes across the sun's 


disk, as seen from the earth. Venus comes 
between the earth and the sun once every 
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584 days. Transits of Venus, therefore, 
would occur about once every nineteen 
months if Venus were always in the plane 
of the earth's orbit. However, the plane of 
Venus's orbit is inclined by more than 3 
degrees to that of the earth. When Venus 


comes into inferior conjunction, it is gener- 
ally either above or below the orbit of the 
earth. Four times every 243 years, how- 
ever, Venus is in inferior conjunction and 
also in the plane of the earth's orbit at one 
and the same time. Under these conditions 
a transit takes place. 

These transits always occur in June or 
December, but at irregular intervals. They 
come in pairs, each transit of a pair being 
separated from the other by an eight-year 
interval. After the second of the transits has 
occurred, there is no other for more than a 
hundred years. There were transits of Ve- 
nus in December 1874 and December 1882. 
The next two will take place in June 2004 


and in June 2012. 

When Venus is in transit, the unaided 
eye can make it out as a black dot on the 
face of the sun. Remember, however, not to 
look directly at the sun without in some 
way protecting your eyes. Viewed with the 
telescope, the planet appears as a black 
disk, dwarfed by the far larger solar disk. It 
takes about eight hours or less for Venus to 
cross the face of the sun. Just as it makes 
contact with the sun’s disk and also just as 
it leaves the disk, it is surrounded in whole 
or in part by a bright ring of light. 

At one time, the transits of Venus were 
eagerly awaited by astronomers because 
they provided a method for calculating the 
distance of the sun from the earth. A given 
transit would be viewed from different sta- 
tions on the earth. It took a longer time for 
the planet to cross the sun’s face when 
viewed from some of these stations than 
when viewed from others. Suppose an as- 
tronomer knew the length of time of transit 
as observed from each one of the stations 
and also the distance between the stations. 
He would then readily calculate the dis- 
tance of the sun from our planet. Nowa- 
days, however, much more exact methods 
have been devised to determine this dis- 
tance. 
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by Frar a M. Branley 

Foi iets in the solar system are 
smaller t > planet earth. Four are con- 
siderabl ser. The earth in terms of 
mass, t e, is not an outstanding 
member vast solar family. However 
it is the nportant of all the planets to 
you and ritis our home in space — the 
vantage rom which we view the uni- 
verse. 

Ma ories have been proposed to 
explain sin of the earth and the other 
planets ire little more than ingenious 
conjecti r they are based on insuffi- 
cient da wever, though we know little 
about t zinnings of our planet, we 
know a t deal about its shape, struc- 
ture, prc s, and motions. 

THE SH; F THE EARTH 

We ^w that the earth is round or 
nearly so. Photographs of the earth taken 
from roc! satellites, and other space- 
craft fai e its surface show distinctly 
the curvature of our planet. Before this evi- 


dence became available, we could infer the 

ss of the earth from certain facts. It 
'or example, that the hull of a 
receding ship, following the curve of the 
earth, disappears from view before its su- 
perstructure does. It was known also that 
as a total lunar eclipse develops, the earth 
Casts a curved shadow on the moon. 

The earth is not a perfect sphere. 
Technically speaking, it is an oblate sphe- 
Toid, or flattened sphere. This shape is 
Probably caused by our planet's force of 
rotation, which deforms the somewhat plas- 
tic earth into a form that is in balance with 
the forces of rotation and gravity. Recent 
measurements also indicate that the earth is 
Slightly more flattened on the south pole 
than on the north pole, which makes it 
Slightly pear-shaped. 

. The diameter of the earth is 12,700 
kilometers from pole to pole, and it is 
12,750 kilometers along the equator. The 
ifference between the diameters is com- 
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paratively slight. If the earth were repre- 
sented by a globe 18 centimeters in 
diameter, the polar radius—the straight- 
line distance from the center of the earth to 
one of the poles — would only be !/» of a 
centimeter less than the equatorial radius — 
the straight-line distance from the center 
to a point on the earth's equator. 


THE EARTH'S MASS AND DENSITY 


The mass of an object represents the 
concentration of matter in it. It is a constant 
value. In that respect it differs from weight 
which, as we shall see, is a measure of grav- 
ity and changes from place to place. 

Various methods have been used to 
find the mass of the earth. About 1735, the 
mathematician Pierre Bouguer, while in 
Ecuador, measured the extent to which a 
plumb line was deflected by the gravita- 
tional pull of a mountain (the peak called 
Chimborazo). Since he could estimate the 
mass of the mountain, he was able to esti- 
mate the mass of the earth after the deflec- 
tion was measured. 

A sensitive instrument called a torsion 
balance is generally used in modern times 
to determine the earth's mass. The attrac- 
tion of a large ball of known mass for a 
small ball is compared with the attraction of 
the earth for the small ball. According to a 
recent estimate, the mass of the earth 
is 5,980,000,000,000,000,000,000 metric 
tons. Or, in other words, the earth's mass 
is 5.98 x 1027 grams. 

To find the density of the earth, we di- 
vide the mass in grams by the volume in 
cubic centimeters. The volume of the earth 
is 1.083 x 10? cubic centimeters. If we di- 
vide 5.98 x 10? by 1.083 x 107, we get 
about 5.5 as the figure for the density of the 
earth. If we mixed together the air, water, 
and rock of our planet, the mixture would 
weigh about five and one-half times more 
than the same quantity of water. The earth 
is the densest of all the planets. 


GRAVITY AND MAGNETISM ON EARTH 


_ Gravity and magnetism are still mys- 
terious forces in many respects. Yet we 
have gathered considerable information 
about them. In the seventeenth century, Sir 


THE EARTH 


Isaac Newton clarified our u anding 
of gravity when he formulate famous 
law of gravitation. This state every 
particle in the universe attract ry other 
particle with a force that vari ctly as 
the product of their masses anc sely as 
the square of the distance be | them. 
This is a statement of univers: tation. 

The term gravity (or mo: irately, 
terrestrial gravity) is applied to ;ravita- 
tional force exerted by the eart! ivity is 
the force that pulls all materia! ird the 
center of the earth. This for comes 
smaller as we move away fron center. 
You are really measuring the fo gravi- 
ty every time you weigh yours If your 
weight is 65 kilograms, you ar led to- 
ward the center of the earth wit rce of 
65 kilograms. Your weight d ises as 
you go farther away from the r. You 
weigh less on the top of a moun than in 
a deep valley; less in an airplan when 
on the ground. 

In 1600, Sir William Gilber:. an Eng- 
lish physician, advanced the ides that the 
earth behaves like a huge magnet, with 
north and south poles. This ides is now 
universally accepted. When you us: 3 com- 
pass, the needle falls along the lines of force 
that run from one magnetic pole to the 
other. The magnetic poles do not corre- 


spond exactly to the geographic poles. : 

The law of magnets states that like 
poles repel and that unlike poles attract. 
Yet the north pole of a compass points 
toward the north magnetic pole of the earth. 
This seeming contradiction is due to the 
fact that in early times when men used nat- 
ural compasses (lodestones) to direct their 
ships, they did not understand the behavior 
of magnets. They noted that one end of the 
stone pointed toward the north, so they 
called this the north end. To avoid confu- 
sion, we need only give the name "north- 
seeking pole" to the part of the compass 
needle that points to the north. 


THREE PARTS OF THE EARTH 


The earth is made up of three parts: the 
air, the water, and the solid part, or, as à 
Scientist would say, the atmosphere, hy- 
drosphere, and lithosphere. The scientific 


terms are ¢>rived from Greek roots: atmos 
means vaj hydro, water; and lithos, 
stone. 

The at »here. The air surrounding 
the earth i mposed of about 78 per cent 
nitrogen, ^: per cent oxygen, and one per 
cent other +5, including water vapor and 
carbon di: . Dust is also present. 

The k layer of the air envelope is 
the tropos e. Tropos means "change" 
in Greek troposphere is the region 
where gre anges take place in tempera- 
ture, pres: and water vapor content of 
the air. It the part of the atmosphere 
where ou: ther occurs. Although most 
atmosphe: hanges take place relatively 
close to t! rth, the troposphere extends 
to an altit: f about 10 kilometers. At the 
outer limit the troposphere there is a 
zone of div sion between the troposphere 
and the nc phere. It is called the tropo- 
pause. 

The ne atmospheric layer, extending 
from 10 to about 40 kilometers above the 
earth's su: , is the stratosphere. It is the 
zone of the strange winds known as jet 
Streams—sirong, fast-moving currents of 
air which may reach velocities of 400 kilo- 


meters per lour. Temperature in the strato- 
sphere rises from a low of —60° Celsius at 
an altitude of 10 kilometers to a high of 0° 
Celsius at about 40 kilometers. 

At this point the stratosphere gives 
way to the mesosphere, which reaches from 
40 to about 70 kilometers above our plan- 
et’s surface. Temperature in the meso- 
sphere ranges from a high of 0° Celsius at 
40 kilometers elevation to a low of —90° 
Celsius at about 75 to 80 kilometers up. 
The air of the mesosphere is much thinner 
than that of the stratosphere. 

_ The region of the atmosphere extend- 
ing from 70 to 400 kilometers above the 
earth is the thermosphere, where the air is 
extremely thin. Because of exposure to ra- 
diation from space and the sun, many of the 
Molecules and atoms are electrically 
Charged; that is, they are ionized. For this 
reason, scientists often call these layers of 
lonized air the ionosphere. 

. From 400 kilometers altitude and 
higher is the exosphere, regarded as the 
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Space travel has given scientists a new perspective 
from which to study the earth. Here a composite 
photo of Florida taken from space. The dark areas 
are bodies of water, the gray areas tidal marshes, 
and the white puffs clouds. 


outermost fringe of the atmosphere. The 
extremely thin gas there consists chiefly of 
hydrogen. The exosphere continues indefi- 
nitely into space and eventually merges 
with the sun’s atmosphere. 

The hydrosphere. The earth appears to 
be the only planet that contains large 
amounts of liquid water. About three 
fourths of the surface is covered by the 
oceans. These bodies of water, together 
with large inland lakes, contribute great 
amounts of water vapor to the air. They 
play a large part in the atmospheric changes 
that we call weather. 

Almost 96 per cent by weight of the 
waters of the earth are made up of hydro- 
gen and oxygen. Sodium, chlorine, and 
many other elements are also found in 
oceanic waters. In fact, traces of all the 
chemical elements would probably be re- 
vealed if instruments with enough sensitivi- 
ty were used. 
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The plants and animals found in the 
sea are an immensely valuable resource. 
They provide man with food, fertilizers, 
and industrial materials. The ocean is also a 
vast storehouse of minerals, such as com- 
mon salt (sodium chloride), magnesium, 
manganese, gold, iron, copper, uranium, 
and silver. Some of them, such as salt and 
magnesium, are obtained from the sea in 
quantity. Others will no doubt be made 
available to mankind as more efficient 
methods for extracting them are developed. 

The lithosphere. The solid part of the 
earth is made up of three types of rock— 
igneous, sedimentary, and metamorphic 
—and soil. Soil consists of rock debris com- 
bined with organic materials. Igneous rock 
is derived from the molten, rock-producing 
matter called magma. Sedimentary rock 
consists principally of rock fragments that 
have accumulated through untold millennia 
and that have been pressed together. When 
igneous rock or sedimentary rock becomes 
altered through changes in temperature and 
pressure and other forces within the earth, 
it gives rise to metamorphic rock. 

If we were to dig deep down into the 
interior of the earth, to the very center of 
our planet, we do not know positively what 
we would find. However, earth scientists, 
gathering evidence from various indirect 
Sources, have developed a more or less 


clear picture of the earth's interior. 


One of the most disting:i hed of these 
scientists, Keith E. Bullen o! University 
of Sydney in Australia has ;'csented the 
following view: the earth ha solid outer 
mantle about 2,800 kilomet: hick. The 
crust of the earth makes u; ly a small 
part of this mantle. It extend: y about 40 
kilometers or so below the s surface. 
Beneath the mantle is the c f the earth 
with a radius of some 3,500 k eters. Itis 
divided into a solid inner cor: ! a molten 
outer core. 

AGE OF THE EARTH 

Various methods were use: in the past 
to find out how old the earth is. At one time 
Scientists were sure they could determine 
the age of our planet by analyzing the salt 
content of the sea. They too! samples of 
sea water in various parts o! the ocean. 
They learned that about 3.5 per cent of the 
sea is salt. They argued that se. water was 
fresh originally, and that it became saltier 
and saltier in the course of time. By calcu- 
lating how much salt there is at present in 


the sea and how much is added each year, 
they believed they could tell how old the 
earth is. a 

We realize now that this method is 
faulty. For one thing, no salt was added to 
the water of the ocean during the early 


Above: how to draw an ellipse as described in the text. 
Below: the sun as one of the foci of the ellipse described 
by the earth in its orbit around the sun. The distance 
of the earth from the sun varies according to its position 
in its elliptical orbit. 
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years of «cologic time. Besides, the amount 
of salt tha! is added fluctuates from year to 
year. 

The st exact method known to sci- 
ence fo ermining the age of the earth is 
based « e study of the radioactivity of 
certain rals. In these minerals, one or 
more cl i! elements decay radioactive- 
ly; that heir atoms give off very small 
particle other radiation. During this 
proces radioactive elements are 
change: other elements. A given ele- 
ment n o have different forms, or iso- 
topes, | ı have different atomic weights. 
Some : > isotopes may be radioactive 
and un change. 

Ea dioactive decay process takes a 
fixed le of time, regardless of external 
circum s, depending on the isotope 
and its atomic weight. As the element de- 
cays, its quantity in a particular rock or 
mineral becomes smaller, while the amount 
of the element it is changing into becomes 
greater. Knowing the decay times of radio- 


active clements and the proportions of 


these elements and of their end products, 
Scientists can calculate the age of the rock 
or mineral 

There are several radioactive ele- 
ments, or isotopes, that are commonly used 


to date ancient objects, including rocks and 
minerals. These elements are carbon-14 
(carbon isotope with atomic weight 14), 
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Left: as the earth revolves around the sun, its 
axis is tilted at an angle of 232° from the perpen- 
dicular to the plane of its orbit. The motion of the 
earth around the sun and the tilt of the axis ac- 
Count for seasonal changes on earth. Above: in 
the summer the Northern Hemisphere is tilted 
toward the sun and receives the sun’s rays more 
directly. Then any given spot— C—in the Northern 
Hemisphere will be in sunshine longer than in 
darkness. 


rubidium-87, potassium-40, strontium-90, 
and uranium-235 and -238. The quantities 
of isotopes in a sample are measured by 
radiation detectors and other methods. The 
age of a rock may be based on one or more 
isotopes. These methods are not exact, and 
there may be an uncertainty of as much 
as several hundred million years. There 
may not be close agreement in ages 
measured with different isotopes. The 
oldest known rock on earth was formed 
nearly 4,000,000,000 years ago. The earth 
itself is thought to be about 4,500,000,000 
years old. 


DAILY MOTION OF THE EARTH 


In ancient times and throughout the 
Middle Ages, many people believed that 
the earth was motionless. They explained 
the succession of day and night and the 
changing position of the stars by saying that 
the earth stood still and that the sky moved 
around the earth. We now know that the 
apparent daily movement of the stars in the 
heavens is due to the rotation of the earth 
about its axis. It makes a complete rotation 
in about 23 hours, 56 minutes, and 4.09 
seconds. 

One of the best proofs we have of the 
rotation of our planet is a pendulum experi- 
ment first performed in 1851 by a French 
physicist, Jean-Bernard-Léon Foucault. He 
suspended a heavy weight at the end of a 
steel wire, which was suspended from the 
dome of the Panthéon, a public building in 
Paris. A pin attached to the end of the 
weight rested on a circular ridge of sand. 
Foucault set the pendulum swinging. The 
pendulum moved to and fro, in the same 
plane, and the pin at the end of the weight 
began to trace lines in the sand. As the pen- 
dulum continued to swing, the lines fol- 
lowed different directions. There could be 
only one explanation. The pendulum did 
not change direction. Therefore it must be 
the ridge of sand that was turning. Since the 
sand rested on the floor of the Panthéon 
and since the Panthéon itself rested on the 
earth, the earth itself must be rotating. 

The device with which Foucault 
proved the rotation of the earth is called the 
Foucault pendulum. One of these pendu- 
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lums has been erected in the General As- 
sembly Building of the United Nations, in 
New York City. 

The. alternation of day and night is due 
to the rotation of the earth about its axis. 
As our planet turns, a given place on its sur- 
face will be in sunlight or in darkness, de- 
pending upon whether it is facing the sun or 
facing the part of the sky on the other side 
of the earth from the sun. 

The earth’s rotation causes air cur- 
rents to be turned toward the right in the 
Northern Hemisphere and to the left in 
the Southern. 

An interesting effect, due to the rota- 
tion of the earth, can be produced by focus- 
ing a camera on the North Star and leaving 
the shutter open for several hours. The 
Stars will appear not as points but as curved 
lines. This is because the earth, on which 
the camera rests, has been rotating on its 
axis. 


YEARLY MOTION 


At the same time that it rotates, the 
earth revolves about our star, the sun. It 
completes a revolution around the sun in 
365 days, 6 hours, 9 minutes, and 10 sec- 
onds, when reckoned relative to the posi- 
tion of the stars in space. This is called a 
sidereal (star) year. 

The orbit of the earth around the sun is 
an ellipse with the center of the sun at one 
of the two foci (singular: focus). The defini- 
tion of an ellipse is that it is the path of a 
point the sum of whose distances from two 
fixed points—the foci—is constant. An el- 
lipse can be drawn by the method illustrat- 
ed on page 100. 

Place two pins on a piece of Paper 
resting on a flat surface, as shown. Prepare 
a piece of string more than twice as long as 
the distance between the two pins and 
splice the ends of the string. Place the string 
around the two pins, and set a pencil in 
position as indicated. Stretching the string 
to the fullest extent, pass the pencil point 
over the paper, going around the pins. The 
figure drawn by the pencil is an ellipse. The 
pins will represent the two foci. If this el- 
lipse represented the orbit of the earth 
around the sun, the sun would be at F! or 
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F?. Actually the ellipse de ed by the 
earth in its movement aro: he sun is 
very nearly a circle. 

The distance of the eart m the sun 
will vary according to its po 1 in its el- 
liptical orbit. At perihelion is, at its 
nearest approach to the si is some 
4,800,000 kilometers closer : sun than 
at aphelion, when it is farth way. Ac- 
cording to a commonly acce; igure, the 
mean, or average distance i 1,600,000 
kilometers. This is often us a unit of 
length—the astronomical : i.u.) —by 
astronomers for measuring | istances. 
For example, instead of givi: distance 
of the planets from the sun in 'eters, an 
astronomer could give it in à fo Mars 
it would be 1.5 a.u.'s; to Jupit 2. 

As the earth revolves at e sun, its 
axis is tilted at an angle of degrees 
from the perpendicular to th: ine of its 
orbit. As a result the Norther: misphere 
will be tilted toward the sun e part of 
the orbit and away from it in her part; 
so will the Southern Hemisp!: This ac- 
counts for the fact that the da re longer 
in the summer than in winter in the North- 
ern Hemisphere. In the sum: months 
this hemisphere is tilted toward the sun. 
Hence, a given spot on the hemisphere— 


say Chicago — will be in sunlight more than 
it will be in darkness in the course of a sin- 
gle rotation of the earth. In the winter the 
Northern Hemisphere is tilted away from 
the sun. Hence Chicago will be in the shad- 
ow longer than it will be in sunlight. The 
situation will be reversed in the Southern 
Hemisphere. 

The motion of the earth about the sun 
and the tilting of its axis are the principal 
causes of seasonal changes. As we saw, the 
Northern Hemisphere is tilted toward the 
sun in the summer months and away from it 
in the winter months. In the summer 
months, the sun's rays fall more directly 
upon the earth and heat it more effectively. 
Besides, as the earth rotates, areas in the 
Northern Hemisphere remain longer in the 
sunlight than they do in shadow. That 
means that for a time more heat is receive! 
from the sun than can be radiated away. In 
the winter months the sun's rays fall more 
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Spring equinox L3 


December 
solstice 


Autumn equinox 


June 

solsti 
obliquely upon the surface of the Northern 
Hemisphere. The more the rays slant, the 


less effectively they heat the surface of the 
earth. Likewise, because the days are 
Shorter than the nights, the heat received 
from the sun has more time to radiate away. 
That is why temperatures are lower during 
the winter. 

The Southern Hemisphere is tilted 
away from the sun during the time that the 
Northern Hemisphere is slanted toward it. 
Hence the winter months south of the equa- 
tor correspond to the summer months north 
of it. It is winter in January in Chicago; it is 
Summer in the same month in Buenos 
Aires. 

30 Our planet moves at the rate of about 
kilometers per second along its path 
ieu: the sun. This is the average speed. 
e euis the earth moves slower, some- 
as faster, in its orbit. It is also traveling 
Tough space at a much faster speed as it 


follows the sun in its wanderings through 
the heavens. The sun revolves around the 
center of the galaxy called the Milky Way, 
completing a turn in about 200,000,000 
years. As a satellite of the sun, the earth 
takes part in this journey, maintaining a 
speed estimated at from 190 to 270 kilome- 
ters per second. 


WOBBLY MOTION 


In addition to the motions that we have 
just described, the earth also wobbles, or 
precesses, as an astronomer would say. 
Precession is due to the combined effects of 
gravitational attraction and the earth's rota- 
tion. The moon (and, to a lesser extent, the 
sun) is constantly pulling upon the earth. 
This effect, combined with the earth's rota- 
tion, causes the axis of our planet to wobble 
about its center. As it does so, it traces out 
two cones in space. These cones have their 
vertexes, or tips, at the earth's center 
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Above, a top is spinning at a slant. If its axis were 

extended to the ceiling, it would describe a cone, 

with its base at the ceiling and its vertex (tip) at 

the point of the top. This effect is much like that 

produced by the precession of the earth, shown 
elow. 


14,000 A.D.) 1970 A.D.) 


The axis of the earth wobbles about its center. As it 
does so, it traces two cones in space— cones with 
their vertexes at the center of the earth. Because of 
this wobbling, called precession, different stars 
become our North Star in the course of centuries. 
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and their bases in space abov: ‘he geo- 
graphic poles. (See diagram at le 

We might compare the efic: | with the 
spinning of a top at a slant. If v tended 
the axis of the top, say, to the ce- «s of the 
room in which it is rotating, thc would 
describe a cone with its vertex e point 
of the top and its base at th: ling. It 
would take the top a fraction o! -ond to 
complete a single spin. It takes axis of 
the earth about 25,800 years. 

Because of precession, dif! t stars 
become our North Star—the o: iost di- 
rectly above the north geograph) pole—in 
the course of the years. Right no ilaris is 
the North Star. Alpha Cephei wil! nearest 
the pole in 7500 A.D.; Vega, in | )0 A.D. 
Eventually the full cycle will be « :leted, 
and Polaris will be the North S gain, 
CIRCLED BY A BELT 

In the late 1950's it was disc ed that 
the earth is encircled by a lary: belt of 
radiation. This belt is now know =< as the 
Van Allen radiation belt, after its d: .-overer, 
the American scientist James A. Allen. 
The belt begins about 650 kilome:-: above 


the earth and extends out some 40,000 
kilometers into space. It is made up of 
charged particles radiated by the sun and 
trapped by the earth’s magnetic field. 


FUTURE KNOWLEDGE OF THE EARTH 


We are beginning to know as much 
about the earth as a planet as we do about 
some of the other planets of the solar sys- 
tem. Now that we have ventured into 
space, we have seen our world in its en- 
tirety as a globe. Never before in history 
have people so extended their observa- 
tions of the planet earth. Never before in 
history has the human race been able to see 
the world in this fashion. 

Already scientists have had to change 
some of their theories about the origin and 
nature of the earth. They have come to real- 
ize how chance has played a role in making 
the earth such a suitable place for life and 
intelligence to develop. Despite the general 
resemblance of the terrestrial planets— 
Mercury, Venus, earth, and Mars—to 
one other, there are vast differences. 


How part of the earth ap- 
pears from a distance of 
158,000 kilometers. In this 
photo, taken by the U.S. 
Apollo 11 crew, northern 
Africa and Asia Minor are 
clearly visible. Below: amore 
detailed photo of the Amazon 
River (bright blue) region, 
taken by an earth observa- 
tion satellite. The red back- 
ground is dense jungle; the 
dark areas are river systems 
and bodies of water, the 
white wisps, low-level clouds. 
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Photo of the moon taken from space. The landing of astronauts on the moon in 
1969 was the realization of a centuries-old dream. 


THE MOON 


by Cecilia Payne-Gaposchkin 
and Katherine Haramundanis 


The moon, circling the earth under the 
pull of gravity, passes across our sky once 
every 24 hours. Since the dawn of history, 
people have been fascinated by the moon. 
They have spun legends about it and have 
used it in many ways. In prehistoric times, 
for example, early people observed the 
phases of the moon and, in some societies, 
used these phases to form a calendar. In the 
western world, obvious surface markings 
on the moon were called “the man in the 
moon." In China these markings were 
called “the mortar and pestle and the hare.” 


THE MOON 


When Galileo first turned his telescope 
on the moon in 1609, he saw its surface in 
considerable detail. He recognized moun- 
tains and large dark areas, which he called 
“maria” because he thought they might be 
seas. (Maria is the Latin word for "seas.") 
The word “maria” is still used, although we 
know now that there are no visible bodies 
of water on the moon. As larger telescopes 
were made, more and more details were 
noticed and mapped. Beginning in the 
1960's, artificial satellites and manned 
spacecraft were launched from the earth to 


pass near the moon or land on it. Pictures 
obtained by these vehicles have revealed 
the surface in extraordinary detail, even 
making visible small boulders about 30 cen- 
timeters across. 

earthbound observer of the moon 
can distinguish light and dark areas. The 
light areas are generally uplands, and the 
dark areas low-lying flat regions. Many fea- 
tures are seen to throw shadows on the 
These shadows can be used 


lunar surface 

to estimate the heights of the features. The 
telescope also shows bright streaks, radi- 
ating from some craters. These rays do not 
throw shadows and are therefore not raised 
features. Dark, meandering, riverlike fea- 
tures, called rills, are probably surface 
cracks, but no water flows in them. There 
are also the numerous craters of all sizes. 
For example, the huge crater Clavius has a 
235-kilometer diameter and is surrounded 
by mountains 5.2 kilometers high. 


SIZE OF THE MOON 


In order to measure the size of the 
moon, we must find out how far away it is. 
This is done with the same methods that are 
used by surveyors. The angular direction to 
the moon is measured from two widely sep- 
arated places on opposite sides of the earth, 
at the same time. Since we know the dis- 
tance between the two points of observa- 
tion, the average distance to the moon can 
be calculated by simple trigonometry. The 
average distance is 385,000 kilometers. 

The diameter of the moon is 3,480 kil- 
ometers, about 4 that of the earth. Other 
planets in our solar system have satellites, 
some of which are larger than ours, but our 
moon is the largest with respect to the size 
of its parent planet. The largest satellite of 
Jupiter (Ganymede) is only ¥27 the size of 
Jupiter; Titan, the largest satellite of Sat- 
urn, is /25 the size of Saturn. 

The mass of the moon, which is mea- 
Sured by its gravitational effect on the 
earth, is 1⁄s1 of the earth's. Its volume is 1/50 
of the earth’s; hence the moon is less dense 
than the earth. If we take the density of 
water as 1, then the earth’s density is 5.5, or 
52 times that of water. The moon's density 
is 3.3 on this scale. Actually, the moon is 


about as dense as the rocks on the earth's 
surface and is probably made of similar 
materials. One possible explanation for the 
lower overall density of the moon may be 
its lack of a dense metallic core, such as the 
earth has. 


PHASES OF THE MOON 


Anyone who looks at the moon notices 
that its apparent shape changes from night 
to night, and runs through a complete cycle 
in about a month. The changes of shape, the 
phases of the moon, are caused by the 
changing relative positions of moon, sun, 
and earth. When the moon is directly in line 
between the sun and the earth, the sun is 
shining on the far side of the moon; this 
phase is known as new moon. 

As the moon goes around the earth and 
moves out of the sun-earth line, the illumi- 
nated part becomes visible to us as a thin 
crescent, which increases, or waxes, night 
after night. When the line from earth to 
moon makes an angle of 90° with the line 
from earth to sun, we see half the moon's 
face illuminated. This phase is called first 
quarter. When earth, moon, and sun are 
again in line, with sun and moon on oppo- 


The Taurus-Littrow landing site of Apollo 17 is a 
narrow, cratered valley. Near this site, unusual or- 
ange-colored soil was discovered. 
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site sides of the earth, we see the whole 
face of the moon illuminated. This phase is 
full moon. Thereafter, the moon wanes, 
and the illuminated surface grows smaller. 
When the direction from earth to moon 
again makes an angle of 90° with the direc- 
tion from earth to sun, we again see half the 
moon’s face illuminated in the last quarter 
phase. The crescent continues to wane until 
new moon is reached again. Between the 
quarters and new moon, the shape of the 
illuminated portion of the moon is called a 
crescent. Between the quarters and full 
moon, the shape of the illuminated disk is 
described as gibbous —that is, not fully cir- 
cular. 

The line that separates the illuminated 
and dark portions of the moon is known as 
the terminator. The crescent moon, wheth- 
er waxing or waning, has horns, or cusps, 
which always point away from the sun. 
Near the time of new moon it is often possi- 
ble to see the whole disk of the moon faint- 
ly illuminated. The light by which we see 
this phenomenon is sunlight that has been 
reflected back to the moon from the bright 
surface of the earth. 


The photographs taken of the various 
phases show that although the illuminated 
area changes, we always see virtually the 
same side of the moon. This is because the 
moon is gravitationally locked to the earth, 
and makes one rotation on its own axis in 
nearly the same time it takes to make one 
revolution around the earth. However, it 
should not be forgotten that the sun shines 
on all sides of the moon in turn during the 
cycle of phases, while we see only the illu- 
minated portion that faces us. 


THE MONTHS: SYNODIC AND SIDEREAL 


Several different kinds of month are 
recognized by astronomers. The simplest 
one is the synodic month, or /unation, the 
interval from one new moon to the next 
new moon—29¥2 days. This, however, is 
not the time taken by the moon to make one 
complete orbit around the earth. The moon 
falls behind because of the earih's motion 
around the sun, which carries the earth 
about 1/12 of the way around its orbit be- 
tween lunations. The orbital period of the 
moon, known as the sidereal month, is 273 
days; therefore it is nearly two days shorter 


The apparent shape of the moon changes from night to night. These changes 
are caused by the changing relative positions of the sun, earth, and moon. 
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Ce. FA of the lunar disk 
First Quarter as seen from the earth 


Map of the visible side of the 
moon with some prominent sur- 
face features labelled. 


than the synodic month. Because it is gravi- 
tationally locked to the earth, the moon ro- 
tates on its axis once in a sidereal month. 


ORBIT OF THE MOON 


. The motion of the moon is far from 
Simple and has presented a challenge to the 
ingenuity of astronomers for several centu- 
ries. The orbit is not circular. It does not lie 
always in the same plane. And its shape and 
Position relative to sun and earth are con- 
tinually changing. For these reasons, the 
Part of the moon seen from the earth varies 
slightly, so that over a period of time we 
ia view 59 per cent of the moon's surface 
Thr. à place of observation on the earth. 
M Changes in the moon’s orbit run in cy- 
ecause of this, the visible surface of 
ib, moon undergoes rocking motions, Or 
E ations, which bring small areas near the 
S ges of the observable disk into view. 

everal decades elapse before all possible 
a are visible to viewers on earth. To- 

ay, with spacecraft and orbiters, astrono- 
Mers are obtaining detailed close-up photo- 
graphs of even the far side of the moon. 


ECLIPSES OF THE SUN AND MOON 


By a happy accident, the size of the 
moon as seen from the earth is almost ex- 
actly the same as the size of the sun as seen 
from the earth. This is an extraordinary 
coincidence, because the sun is about 64 
million times the volume of the moon. If the 
orbit of the earth around the sun and the 
orbit of the moon around the earth were in 
exactly the same plane, the moon would 
pass exactly across the face of the sun at 
every new moon. Thus there would be an 
eclipse of the sun once a month. Similarly, 
at every full moon the shadow of the earth 
would fall on the moon, and there would be 
a total eclipse of the moon once a month. 

But the moon’s orbit is inclined, on the 
average, by about 5° to that of the earth. 
This means that the moon can come in front 
of the sun only near the position where the 
two orbits intersect, points called the 
nodes of the moon's orbit. When a new 
moon occurs very near the node, the moon 
will pass exactly across the face of the sun, 
and there will be a total eclipse of the sun. 
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The tracks made by the astronauts who visited the 
lunar surface will remain unchanged for centuries 
since erosion occurs very slowly on the moon. 


Farther from the node, the moon will cover 
only part of the sun’s face, resulting in a 
partial eclipse. Because neither the moon’s 
nor the earth’s orbit is circular, the dis- 
tances from earth to moon and sun are not 
constant. As these distances vary, so do the 
apparent sizes of the sun and moon. At 
times, the moon may not cover the entire 
solar disk, allowing a thin rim of sunlight to 
be visible around its edge—an annular 
eclipse of the sun. 

An eclipse of the sun is visible only 
from the small portion of the earth on which 
the moon’s shadow is cast. The shadow 
moves rapidly across the surface of the 
earth, and total eclipses last only a few 
minutes, as seen from one station, The 
prediction of the times at which such 
eclipses will occur involves elaborate cal- 
culations which must take into account the 
complexities of the moon’s motion. 

An eclipse of the moon takes place 
when the moon passes through the shadow 
cast by the earth. They must therefore oc- 
cur at the time of full moon, when the moon 
is near the node. There is usually an eclipse 
of the moon two weeks before or after an 
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moon, the moon is wholly with 
shadow and no sunlight falls 
the moon is not wholly within the 
there is a partial eclipse. Unlik 
the sun, lunar eclipses are seer 


shadow, 
eclipses of 


at the time. 
THE TIDES 


There are two high tides for e 


very pas- 
sage of the moon across a meridian, or 


incipally 
l of the 


north-south line, of the earth, 

because of the gravitational p 
moon on the ocean waters. In the 
a month there are two spring tide 
the range of the tide is largest) and two neap 
tides (when the range is smallest). At the 
spring tides the pulls of sun and moon are in 
the same line. At the neaps, the make an 


angle of 90°. Therefore the spring tides 
occur at full and new moon. The neaps 
occur at the quarters. In a particular 


locality the tide may peak some time 
after the passage of the moon icross the 
local meridian because of the inertia of 
the ocean waters and the variations of the 
local coastline. 

Tides are not confined to the oceans. 
They occur in every body of water, in the 
atmosphere, and also in the earth itself. 
Earth tides are not so large as the ocean 
tides, because the earth is essentially a solid 
elastic mass, whereas the ocean is liquid. 
Just as the moon raises tides on the earth, 
the earth raises tides on the moon. 


BRIGHTNESS OF THE MOON 


The moon has no light of its own, but 
shines by reflected light. The percentage of 
light reflected by the moon is known as its 
albedo. On the average the moon reflects 
only seven per cent of the sunlight that falls 
vertically upon it. As there are many bright 
and dark areas on the moon, some areas 
reflect more light than this, and some less. 
All the light by which we see the moon 
comes from the sun, either directly or as 
earthshine, after reflection from the earth. 
The surface of the earth is a much better 
reflector than that of the moon. The albedo 
of the earth can be found by measuring the 


brightness of earthshine. It is .33. This 
means that the earth reflects 33 per cent of 
the sunlight that falls on it, largely because 
its atmosphere contains so many clouds. 
Although the moon is the second brightest 
object in the sky, it sends us only two mil- 
lionths as much light as the sun. 


MOON TEMPERATURE 


When it is midday on the moon, with 
the sun directly overhead, the temperature 
is 100? Celsius. At lunar midnight the tem- 
perature drops to about— 116° Celsius. This 
difference, so much greater than the tem- 
perature extremes known on earth between 
midday and midnight, is mainly due to the 
moon's lack of atmosphere. An atmosphere 
acts as a blanket and prevents excessive 
cooling and heating. It should also be re- 
membered that the lunar day, or interval 
between successive lunar midnights, is the 
time taken by the moon to make a complete 
rotation relative to the sun. It is therefore 
equal to 271s of our days. The lunar surface 
therefore has longer intervals in which to 
heat up and cool down than does the sur- 


face of the earth in the course of a terrestri- 
al day or night. 

Direct evidence that the moon has no 
atmosphere is obtained by watching an 
occultation —that is, the passing of a star 
behind the moon. If the moon had an atmo- 
sphere, the star would fade gradually, but it 
always vanishes abruptly and reappears as 
abruptly at the other edge of the moon. 

It is not surprising that the moon has 
no appreciable atmosphere, because gravi- 
ty at its surface is only one sixth of that at 
the surface of the earth, and that is not 
enough to retain most gases at its surface. 
Small amounts of gas have been seen to 
exude from certain points on the moon's 
surface, but they must have been quickly 
lost into space. 


THE MOON'S SURFACE 


The largest features on the moon, and 
the only ones that can be readily seen with 
the naked eye, are the maria. They are 
darker than the rest of the surface, and are 
flat areas strewn with small boulders and 
pocked with craters. Many are surrounded 


A lunar module stands on the pockmarked surface of the moon The surface 
Consists of fine particulate material and rock fragments. This loose cover ex- 
lends from the surface to depths of about one to three meters. 
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by mountain ranges. The largest is Mare 
Imbrium, about 1,100 kilometers across. 
The Latin names of the maria, such as 
Mare Serenitatis, Mare Fecunditatis, and 
Mare Tranquillitatis, were assigned in 1651 
by the Italian astronomer Giovanni Ric- 
cioli. It is remarkable that all the maria but 
one are on the side of the moon facing the 
earth. Among the maria, the most curious 
is Mare Orientale, situated on the /imb of 
the moon (the edge of the moon's disk) and 
surrounded by three great circular moun- 
tain ranges. It is generally thought that the 
maria are hardened lavas that were caused 
to flow in the far past by the impact of large 
bodies colliding with the moon, or perhaps 
by some internal processes. 

The moon’s surface is very heavily 
pocked with craters of all sizes. They are 
circular, with raised rims, and some have 
central peaks. Many craters overlap with 
other craters, and may occur within the 
maria and on the mountain chains. Some 
craters appear to be filled with lava, others 
to be partially buried in dust flows. In the 
photographs of the great crater Aristar- 
chus, both types of flow may be seen. Aris- 
tarchus has a central peak, and its floor 
seems to be filled with lava. The crater 
nearby is very shallow and has been nearly 
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The lunar landscape is dot- 
ted with mountains, cra- 
ters, rills, boulders, and 
other features. Here Apollo 
17 scientist-astronaut Dr. 
Harrison H. Schmitt stands 
near a huge boulder that 
was split by natural forces 
eons ago 
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obliterated by a dust flow. A number of 
much smaller bowl-shaped craters dot the 
area. 

Very large craters are often called 
"walled plains," because they enclose fairly 
level surfaces, which may be light in color, 
like the lunar uplands, or dark, like the ma- 
ria. The crater wall, or rampart, is roughly 
circular and has often been designated as a 
circular mountain range. However, the wall 
is often low in comparison with the sur- 
rounding land and even in comparison with 
the enclosed surface, or crater floor. The 
diameters of the largest craters reach more 
than three hundred kilometers. Some cra- 
ters, however, are very deep, so deep, in 
fact, that their bottoms are always in shad- 
ow. Still other craters are mere pits in the 
lunar surface, with little or no raised rim 
Surrounding the central depression. 

On the earth there are two major types 
of crater: the volcano and the impact crater. 
Volcanic craters have steep sides and often 
à central rise or knob. Crater Lake in bel 
gon is a good example. Impact craters, Suc 
as the Meteor Crater in Arizona and the 
Chubb Crater in Canada, are shallower rel- 
ative to their diameters and do not usually 
possess central peaks. Impact craters can 
be very much larger than volcanic craters: 


the southeastern shore of Hudson Bay may 

be the remainder of a great impact crater. 
Both types of crater can probably be 

recognized on the moon. There is little 


doubt that the moon’s surface has been 
heavily bombarded by meteoritic bodies 
over a lon: od of time. This bombard- 
ment has ably produced not only a 


large percentage of the craters but also the 


maria. The great dust splash extending 
halfway around the moon from the huge 
crater Tycho is clear evidence that it is an 
impact crater. A large impact crater usually 
has many small impact craters near it, 
which were probably formed by the debris 
thrown out by the original impact. The 
boulders found in the vicinity of impact cra- 
ters have a similar origin. 


A possible example of a volcanic cra- 
teron the moon is Aristarchus. Many small 


changes have been recorded near it, and 
quite possibly gases emerge from it on oc- 
casion. |t has a pronounced central peak 
and what appears to be a lava-filled floor. 
Lunar rays are lunar features that ex- 


tend radially outward from certain craters 
such as Tycho and Copernicus. They ap- 
pear lighter than the surrounding terrain 
principally because they reflect light better. 
This is probably because they are made of 
very finely divided particles. The reflectivi- 
ty of particles depends largely on their av- 
erage size, finer particles reflecting light 
more brilliantly under vertical illumination 
than coarse ones. 

Rills are narrow, riverlike valleys 
made visible by shadows cast into them. 
They may be cracks in the surface, or pos- 
Sibly canyons formed by ash flow from vol- 
Canoes. Some are twisted and tortuous, and 
Some are associated with chains of craters. 
Some of the straight rills seem to be asso- 
Clated with settling phenomena around the 
maria. Others may have been furrowed by 
boulders rolling downhill. 

The mountains of the moon form large, 
Tugged chains principally concentrated 
around the maria. Their heights can be 
Measured by the length of the shadows 
which they cast. The highest, the Leibnitz 
Mountains, attain a height of 7.9 kilome- 
ters. In proportion to the diameter of its 


parent body, this is really higher than Mt. 
Everest on earth, 8.8 kilometers. Heights 
on the moon are measured relative to a 
nearby low-lying area on its surface, where- 
as heights on earth are measured with re- 
spect to sea level, a height about halfway 
between highest and lowest points on the 
earth’s surface. Lunar mountains seem to 
have been thrust up as a result of impact 
rather than formed by folding of rocks as 
has been the case with many mountains on 
the earth. 

A mountainous feature known as the 
Straight Wall, in Mare Nubium, south of 
the lunar equator, appears to be a 110 
kilometer-long line of cliffs produced by 
faulting. A gigantic crack in the lunar sur- 
face has caused the development of a cliff 
face about one-quarter of a kilometer high. 


NAMING MOON FEATURES 


When the telescope was first turned on 
the moon, the principal maria and mountain 
chains were named by early observers. The 
maria were given fanciful Latin names, and 
many mountain chains were called after 
well-known mountains of Europe. Since 
that time, advances in observational tech- 
niques have revealed more and more detail, 
and thousands of features have been 
named. The International Astronomical 
Union now has the responsibility for as- 
signing names, a task that has been enor- 
mously increased by the recent observa- 
tions of the far side of the moon. Major cra- 
ters have been named most usually after 
astronomers or scientists, but other promi- 
nent individuals, such as Jules Verne, a 
19th-century author, and Plato, a Greek 
philosopher, have also been commem- 


orated. 
ORIGIN AND HISTORY 


The history of the moon is bound up 
with the history of the whole solar system, 
which is believed, from several indepen- 
dent estimates, to be over 4,500,000,000 
years old. There are two principal theories 
concerning the origin of the moon. The first 
considers that the moon was once part of 
the earth and was separated from the earth 
either by tidal forces or by the gravitational 
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attraction of a passing star. It was drawn 
out from that gap in the earth’s crust that is 
now filled by the Pacific Ocean, according 
to one view. Recent evidence, however, 
tends to discount the view that the Pacific 
Ocean basin was the moon’s birthplace. It 
seems the moon has been the earth’s com- 
panion for many hundreds of millions and 
perhaps thousands of millions of years. At 
such an early time, there was no Pacific 
Ocean as we understand it today. 

The second theory suggests that the 
earth and the moon were formed at about 
the same time from the agglomeration of 
cold material then circulating around the 
sun. Similar processes are suggested for the 
origins of the other planets and their satel- 
lites. In the first theory, it is assumed that 
the original material was hot, and formed 
bodies that are now cooling. The second, 
on the other hand, pictures the formation of 
the earth, the moon, and the other bodies of 
the solar system from cold materials, some 
of which are now heating up as a conse- 
quence of internal pressure and radioactivi- 
ty. A third theory states that the moon is a 
former planet that was captured by the 
earth. 

According to the second hypothesis, 
the moon is about as old as the earth— 
about 4,500,000,000 years. But no doubt 
the lunar features vary in age, just as earth 
features do. That the moon at one time dur- 
ing its history underwent extensive de- 
velopment can be seen by a mere glance at 
its face. Close observation of the moon 
Since the invention of the telescope has 
revealed very few signs of anything much 


Below: the crater Langrenus, with a central core 
and terraced walls. Below tight: cross section of a 
typical Crater. Mountains on its rim slope gently on 
the Outside, steeply on the inside. Smaller moun- 
tains may rise from the flat central plain. 


happening there in recent times. However, 
signs of volcanic activity and perhaps ra- 
dioactive glows seem to indicate that the 
moon is not really such a dead world after 
all. The present topography, plus the dam- 
age that has apparently been inflicted on its 
features, certainly means that a lot did hap- 
pen to the moon in the past. 

If the moon once did have an atmos- 
phere and running water, as some authori- 
ties believe, then a history somewhat like 
the earth’s must have taken place until air 
and water vanished. But even with air and 
water gone, erosion is still possible. Alter- 
nate extreme heating and chilling of rock 
will crack and flake it. Collisions with aster- 
oids and meteorites pulverize the surface 
and perhaps release volcanic forces. Move- 
ments and sliding of rock masses down 
slopes will cause damage. Even the strong 
radiation from space may disrupt the lunar 
crust. There is certainly plenty of rubble, as 
satellite investigations show. The accumu- 
lated ravages of countless centuries of 
small-scale erosion look impressive. So 
much so, that persons are tempted to attri- 
bute them to tremendous catastrophes, as 
was the fashion with regard to spectacular 
earth features in the early days of geologic 
study. Nevertheless, because of the slow 
pace of erosion on the moon, experts tend 
to agree that the moon preserves many an- 
cient features that have long since vanished 
on the earth. Therefore a trip to the moon 
may be something like a journey into the 
earth's past— or even its future. 


EXPLORATION OF THE MOON 


Man has explored the moon at long 
range, with telescopes and other instru- 
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(mountains ringing crater): 
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s also landed unmanned vehi- 
»on's surface and later set foot 
In 1959, the Soviets were the 
first to land an unmanned craft on the lunar 
surface. Another vehicle circled the moon 
and sent to earth pictures of its far side. In 


the 1960's > United States photographed 
the lunar : e in great detail through its 
Ranger, Surveyor, and Lunar Orbiter satel- 
lites. The gers crash-landed on the 
moon. The veyors made soft landings 
and also p the lunar soil. The Orbiters 


circled the moon, sending to earth many 


photographs of both its near and its far 
sides. 
Soviet research has continued with 


automated sampling and return to earth of 
lunar surface material, and exploration of 
the moon with an unmanned wheeled vehi- 
cle controlled from the earth. Beginning in 
1969, United States Apollo astronauts ex- 
plored the moon, set up experiments, and 
returned with lunar rocks. 


CONDITIONS FOR THE LUNAR 
EXPLORER 


The view of the moon, as described by 
Apollo astronauts, gives us an idea of what 
the lunar explorers encounter. The moon 
presents a forbidding landscape in various 
Shades of gray. No color enlivens the land- 
Scape; even the sky is black. Without an 
atmosphere there can be no wind, no rain, 
and no weather. There can be no sound, 
and no life. In the sunshine the temperature 
is that of boiling water, but without the 
blanket of an atmosphere, a step into the 
Shadow brings one to a temperature far be- 
low freezing. There are no beautiful sky 
Colors at sunset and sunrise, and no twi- 
light. Like the blue sky, these earthly beau- 
ties depend on our atmosphere, and on an 
airless body they are simply absent. 

For these reasons a lunar explorer 
heeds protection, not only against lack of 
air, but against extremes of temperature. 
Equally important, he must be protected 
against the incessant bombardment by 
Cosmic and other rays and particles, and the 
effects of ultraviolet radiation. On the earth 
We are shielded from the deleterious effects 
of strong solar and cosmic rays by our at- 


mosphere and the earth’s magnetic field. 
But the lunar explorer has no such natural 
protection: the moon is without an atmo- 
sphere and has an extremely weak magnet- 
ic field. 

Since gravity at the moon’s surface is 
one-sixth that on the earth, all weights on 
the moon are diminished by a factor of six. 
A man who weighed 80 kilograms on earth 
would weigh about 13 kilograms on the 
moon, and with the same muscular effort 
would be able to jump six times as high or 
lift six times as great a weight as on earth. 
This compensates to some extent for the 
weight of the equipment that he has to carry 
to protect himself from the severe condi- 
tions. Similarly the launching of a rocket 
from the surface of the moon would require 
only one-sixth of the thrust required to 
launch the same rocket from the earth’s 
surface. This makes the return journey of 
an astronaut from the moon and its vicinity 
easier. 

In some cases, his diminished weight 
works to the disadvantage of the lunar ex- 
plorer. This occurs if he uses his weight to 
operate a lever or use a shovel. 

Complete weightlessness is experi- 
enced by astronauts during space flight, and 
techniques have been developed to combat 
the problems involved. All body functions 
are conditioned by our normal gravitational 
environment, as are the operations of many 
instruments that must be used in such ex- 
plorations. 


EARTH AS SEEN FROM THE MOON 


A man standing on the moon sees the 
earth as a disk two and one-half times the 
size of the moon seen from the earth. Be- 
cause of its high albedo, the surface of the 
earth has five times as much reflecting 
power as the surface of the moon. Also, 
because of its greater apparent size, the full 
earth sends about 30 times as much light to 
the lunar observer as the full moon sends to 
us. To him our clouds look brilliantly white, 
the oceans dark blue, and the continents 
almost uniformly purplish brown. 

Because the moon and earth are gravi- 
tationally locked, a lunar observer does not 
see the earth rise or set. If he is on the near 
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Earth 


@ Moon at 
beginning 
of orbit 


27% days. 


Q Moon at 
27V days 


@ Moon at 
29% days 


The interval from one new moon to the next is 29'/2 
days, but the time it takes the moon to make one 
complete orbit of the earth is only 27'/ days. The 
moon falls behind (bottom illustration) because by 
the time the moon has completed one orbit, the 
earth has moved along its orbit. It then takes two 
more days before the moon is between the earth 
and the sun and we again have "new moon." 


Side of the moon, the earth is always visi- 
ble, and if he is on the far side of the moon, 
he cannot see the earth at all. 

When the observer on the moon is at 
lunar midnight, he sees a “full earth," com- 
pletely illuminated, unless the moon is di- 
rectly in line between sun and earth. In that 
case he observes an eclipse of the earth by 
the moon at the same time when earth ob- 
servers see a solar eclipse. When the ob- 
server is at lunar midday, and the sun is di- 
rectly behind the earth, he observes “new 
earth." If the sun is completely eclipsed by 
the earth, the earth would be seen sur- 
rounded by a bright halo caused by the sun- 
light scattered in the earth's atmosphere. 
Conditions for such an eclipse are very sim- 
ilar to those for a solar eclipse seen from 
the earth, but the track of totality on the 
moon would be two and one-half times as 
wide. Because the apparent size of the 
earth is so much larger than that of the sun 
When seen from the moon, a lunar observer 
can never witness the beautiful solar coro- 
na or Baily's beads, which are such striking 
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features of a total solar eclipse for us. Even 
if the apparent size of the earth were small 
enough to cover the solar disk as does the 
moon, the earth's atmosphere would inhibit 
the formation of either the “diamond ring" 
or Baily's beads, since these also depend 
largely on the fact that the moon has no 
atmosphere. Baily's beads are blobs of light 
surrounding the moon as it passes across 
the sun's face, during a sol lipse wit- 
nessed from the earth. They are caused by 
sunlight shining through deep depressions 
and between mountain peaks along the 
edge of the lunar disk. The "diamond ring" 
is a great halo of sunlight that momentarily 
appears when the moon covers the solar 
disk and again when it begins to pass off the 
disk, during an eclipse of the sun 

Like the moon seen from the earth, the 
earth seen from the moon passes from 
“new earth" through crescent, gibbous, and 
full phases, and back again to "new earth." 
These changes take the same time as the 
corresponding changes in the moon seen 
from the earth, and run through a full cycle 
in one lunation. 


THE MOON AS AN OBSERVING STATION 


From the point of view of the astron- 
omer, the moon would be an ideal site for a 
telescope. The useful size of telescopes on 
earth is limited on the one hand by our at- 
mosphere, which blurs optical images and 
limits the kinds of light waves reaching the 
earth. On the other hand, the engineering 
problems presented by the construction 
and operation of large and heavy instru- 
ments in the gravitational field of the earth 
are formidable. In the absence of an atmo- 
Sphere—as on the moon — the detail that a 
telescope can record is limited only by the 
Optical properties of the instrument. The 
smaller value of gravity on the moon would 
make it possible to operate larger instru- 
ments than are feasible on the earth. ^ 
lunar observing period for optical instru- 
ments would be one-half month long, 
followed by a similar period in sunlight. 
Weather would never interfere with observ- 
ing schedules, but instruments would have 
to be well protected to withstand the lunar 
temperature extremes. 


MARS 


Nex he earth in the order of in- 
creasing nce from the sun lies Mars, 
the red p amed after the Roman god 
of war. M good deal smaller than the 
earth. It 1 diameter — 6,780 kilome- 
ters— is e more than half that of the 
earth. It e area is a little more than 
one qua he earth’s surface area. Its 
volume about one seventh that of 
our plan mass of Mars, compared to 
that of th h, is 0.11. Its density, com- 
pared t« rth’s, is 0.70. 

The unt of light and heat that Mars 
receive the sun is, surface for sur- 
face, le »ne-half that received by the 


earth, A would expect, Mars is quite a 


bit colde our planet. It has been esti- 
mated tł emperatures on Mars range 
from ex cold enough to freeze car- 
bon-dio is into "dry ice" to those hot 
enough It ordinary ice. 


The ı distance of Mars from the 


sun is ¢ 228,000,000 kilometers, as 
compared h the earth's mean distance 
from the ` approximately 149,600,000 
kilometer At perihelion—the nearest 
point to the sun—Mars lies about 


203,000,000 kilometers away from it. At 
aphelion — the farthest point from the sun — 
the dist: is about 250,000,000 kilome- 
ters. At perihelion, therefore, Mars is some 
47,000,000 kilometers nearer to the sun 
than at aphelion. That means that its ellipti- 
cal orbit is quite eccentric. The more an el- 
lipse departs from the shape of a circle, the 
more eccentric it is said to be. 

The distance between Mars and the 
earth varies within very wide limits. When 
Mars is in conjunction—that is, on the 
other side of the sun from the earth — its dis- 
tance from us averages 377,000,000 kilo- 
meters. When it is in opposition — that is, on 
the other side of the earth from the sun—its 


The photo at right was taken by Orbiter II as it ap- 
Proached the dawn side of Mars. The light and dark 
areas are called continents and seas, although we 
now know that the planet is dry except for the 
frozen water of its polar ice caps 


distance from the earth ranges from about 
56,000,000 kilometers to something like 
98,000,000 kilometers, depending on the 
point in the Martian orbit where the opposi- 
tion occurs. Mars is in opposition at inter- 
vals of 780 days—about 26 months. Its disk 
then appears far larger to us than at any 
other point in its orbit. The times of opposi- 
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tion, therefore, give particularly favorable 
opportunities for carefully examining the 
surface of this planet. 

The apparent diameter of Mars varies 
from about three and a half seconds of arc 
at conjunction to a little less than twenty- 
five seconds of arc at opposition. When 
nearest to the earth, Mars has three times 
the brilliancy of Sirius, the brightest star in 
the heavens (with the exception of the sun). 


When farthest from the earth, its brightness 
is reduced to that of a star of the second 
magnitude. 

Mars completes its orbit around the 
sun in 687 of our days (one year and ten 
and a half months), traveling along its path 


at the mean rate of 24 kilometers a second. 
The orbit is inclined to the ecliptic—the 
plane of the earth’s orbit — by less than 2°. 
The planet rotates on its axis. The clear 
markings on its surface have made it possi- 
ble to determine the speed of that rotation 
with great accuracy. The Martian day is 24 
hours, 37 minutes, and 23 seconds long. 
Like the earth, Mars is somewhat 
compressed at the poles. Its equator is in- 
clined by something like 25 degrees to the 
plane of the planet’s orbit. The inclination 
of the earth to its orbital plane is only alittle 
less — 23/2 degrees instead of 25. This tilt 
accounts for seasonal changes on the earth. 
In the case of Mars, too, the corresponding 
tilt brings about changes of season. Since it 
takes Mars almost twice as long as the 
earth to complete an orbit around the sun, 
each of the Martian seasons is nearly six 
months in length —that is, almost twice as 
long as the corresponding season of the 
earth. 7 
The albedo of Mars is 0.15; that is, it 
reflects 15 per cent of the light that it re- 
ceives from the sun. Area for area, the disk 
of Mars is a better reflector than that of the 
moon, twice as good as that of Mercury, 
but far inferior to that of Venus. Therefore, 
it is much less bright than Venus. Like the 


This photo shows some of the apparatus of the 
Viking II lander on the rocky surface of Mars, me 
red planet. Here we can see patches of late winter 
frost on the ground. The Martian winter, like its 
summer, lasts about six months. 
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Viking landers probe the Martian landscape. Both 
Viking | and || landed on relatively flat, rocky plains 
and took soil and rock samples, in addition to 
analyzing the atmosphere. Their studies showed 
the atmosp to be comprised largely of carbon 
dioxide anc hydrogen gas, and the soil to contain 
large amounts of oxygen. 


rest of the planets outside the orbit of the 
earth, Mars does not have phases. 


FIRST IMPRESSIONS 


Except for the earth, the moon, and 
perhaps Mercury, Mars is the only solid 
body in the solar system whose surface we 
can see. This planet has been under tele- 
scopic observation for over three centuries. 
In the telescope, Mars shows as a small 
disk with red, dark, and white markings. 
The red areas, which cover nearly three 
fourths of the surface, are called conti- 
nentes (Latin for *mainlands"). The dark 
regions are the maria ("seas" in Latin). 
Around each geographic pole is a white 
polar cap. 

For many years astronomers thought 
Mars to be much like the earth, with oxy- 
gen, water, and polar ice. Somewhat later 
they realized that Mars is dry, with no large 
9r visible bodies of water at all. 

, During the 1800's some astronomers 
Claimed they saw many fine lines criss- 
Crossing most of the Martian surface. 
These lines were named canali — Italian for 
Channels," or *waterways." But to other 
astronomers the word soon came to mean 
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“canals.” Astronomers said the red tracts 
were vast deserts, where almost nothing 
grew. The soil was supposed to be rust, a 
compound of iron, oxygen, and water. 
During the twentieth century, astron- 
omers gradually realized that this picture of 


Mars was mostly wrong. Improved tele- 
scopes and cameras showed that no canals 


exist. Instead, there are huge cracks and 
other natural features arranged in lines. 


A CLEARER PICTURE 


Detailed studies of the surface of Mars 
began with the landing of the U.S. space 
probes Viking 1 and 2 on the planet. Vik- 
ing 1 landed on July 20, 1976. Viking 2 
followed, landing 7,400 kilometers from the 
Viking 1 site on September 3. These probes 
and the earlier Mariner probes have given 
us a much clearer picture of Mars. 
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The maria are layers of dark rock and 
dust. The red areas may be rust or some 
completely different minerals. The familiar 
markings of Mars seen in telescopes and 
photographs from earth have little basis in 
actual Martian topography. Radar and 
space probe studies have shown, for exam- 
ple, that some maria extend across stretch- 
es of varying height, or relief. 

The surface of Mars is more rugged 
than the earth’s. There is hardly a land for- 
mation on the earth that is not also present 
on Mars. Mars has high mountains and pla- 
teaus, huge volcanoes, craters many kilo- 
meters across, broad plains, valleys, steep 
cliffs, jagged ridges, canyons deeper than 
our Grand Canyon, sand dunes, long 
scratches, and cracks, or faults, extending 
for great distances. Some of the mountain 
peaks are very high. The volcanic Olympus 
Mons is, for example, taller than any sur- 
face feature on earth. Mars does not, how- 
ever, have any mountain ranges like those 
found on earth, 


As the sun rises, bright clouds of water ice 
are seen resting above the canyons of this high 


Plateau region called the “Labyrinth of the 
Night," 
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Ifthe earth were drained of all its seas, 
rivers, and lakes, it would then be at least as 
rugged as Mars. The empty ocean basins 
would form deep depressions, with long 
rifts and jagged ridges along their bottoms. 
Certain Martian cracks and ridges look like 
those on the floors of earthly oceans. 

Mars' polar cap is now known to be 
composed of frozen water—not carbon 
dioxide ice as was previously believed. 
Some scientists believe that the entire plan- 
et may have a layer of permafrost—a thin 
layer of frozen water—under its apparent 
surface of dust and rock. Soil samples 
taken by the Viking probes yielded a good 
deal of water upon heating. 

Was Mars once covered by seas or 
other bodies of water? Some scientists 
think so. They point to Martian valleys, 
gullies, and deposits that seem as if they 
could only have been caused by streams. 
Some plateaus, also, are marked by long 
grooves and scratches resembling those 
made by glaciers on earth. 


A Martian dust storm (arrow), more than 300 
kilometers across is viewed moving eastward 
inside the Argyre Basin, in the southern hemi- 
sphere. 
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According to one theory attempting to 
explain these features, Mars’ axis of rota- 
tion shifts slowly with respect to the sun. 
As a result, once every few tens of thou- 
sands of years, Mars' polar caps become 
warm enough to melt. They thus release 
water and moving ice sufficient to erode the 
planet’s surface. 

Early Mariner pictures of Mars did not 
show many of the features discussed above. 
They did reveal numerous craters, suggest- 
ing a dead, pitted surface, like our moon's. 
Many of the craters dotting the face of 
Mars are volcanic. Others were dug by fall- 
ing meteorites. 

Changes in the shape and color of Mar- 
tian surface markings have been seen 
through telescopes and in Mariner and Vik- 
ing pictures. Many are undoubtedly 
caused by the action of meteorites, wind, 
ice, or volcanoes. Other changes, however, 
cannot yet be explained in these ways. 
There may be forces at work on Mars that 
have no counterparts on earth or on the 
moon. Some scientists suggest that at least 
some of the changes may be due to primi- 
tive plants growing in some damp, warm 
Spots on the planet. 

_ Instrumental studies show that Mar- 
tian atmospheric dust and surface rocks 


contain a wide range of minerals. They re- 
semble earth rocks chemically, thus show- 
ing that Mars, like the earth, has had a long, 
complex development. Like the earth also, 
Mars probably has a dense core at its cen- 
ter, which produces a magnetic field. 

The Viking probes have revealed 
many interesting facts about the chemistry 
of the soil on Mars. Large amounts of oxy- 
gen are present in the soil, and the soil has a 
higher-than-expected degree of radioactivi- 
ty. Some preliminary tests showed that 
organic matter was present in about one 
part per million of soil. Later tests, however, 
seemed to contradict this finding. 


MARS’ ATMOSPHERE 


That Mars is surrounded by air has 
been known for a long time. What could 
only be explained as atmospheric hazes, 
clouds, and dust storms have often been 
observed there. Mars’ blanket of air is too 
thin, however, to protect much of its sur- 
face from the cold and radiation of space. 

Air pressure at Mars’ surface equals 
that at many kilometers above the earth's 
tallest mountains. The top of the atmo- 
sphere of Mars is much lower than that of 
earth’s and often lower than the tops of 
numerous Martian highlands. The iono- 


Summer near Mars’ north pole: the seasonal carbon-dioxide polar cap clears to 
reveal water ice and layered terrain beneath. The regularity of the layers sug- 
gests a relationship to periodic changes in the planet's orbit. 
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sphere —layers of electrically charged gases 
high in the Martian atmosphere—is weak, 
so that dangerous radiation from the sun 
and from space easily reaches the ground. 

Mars is a cold world. Along the ground 
at night, especially in the higher latitudes 
and polar regions in winter, temperatures 
drop many degrees below the freezing point 
of water. However, even by earthly stand- 
ards, Mars at times may be surprisingly 
mild. The upper Martian atmosphere, for 
example, is decidedly warmer than ordi- 
nary room temperature. At noon, particu- 
larly in summer in the lower latitudes and at 
the equator, surface temperatures may rise 
far above freezing. Average air tempera- 
tures also change over several years. 

Chemically, the Martian atmosphere is 
very different from earthly air. There are 
only faint traces of oxygen, nitrogen, and 
water vapor in the atmosphere. In fact, car- 
bon dioxide is the chief gas. A great mass of 
hydrogen also surrounds the planet. 

Thin clouds often form in the Martian 


Viking Lander | took this Picture of the Martian 
Surface 15 minutes before sunset. A Martian day is 
just slightly longer than a day here on earth. 


NASA 


atmosphere. They may be 
dust, dry-snow crystals, and 
Clouds rise daily over h 
They may come from volc 
simply be condensed atmosph 

The most spectacular an 
tures of the Martian atmos; 
gigantic dust storms that peri 
the entire planet. The Mariner 9 probe ar- 
rived during the height of such a tempest. 


composed of 
ozen water, 


Winds averaging about 280 kilometers per 
hour whip up enormous clouds of dust from 
the desertlike surface of M A storm of 
this kind may last for weeks or months. 
During this time, the planet is one vast dust 
bowl. By comparison, the w rst Sahara 
sandstorm on earth is only a breeze. The 
Martian surface must be deeply eroded by 


windblown dust. 
MOONS OF MARS 


Mars has two satellites, or moons. 
They were discovered in |! by the 
American astronomer Asaph Hall. He 
named them Deimos and Phobos (*Terror" 
and "Fear") after the two mythical sons 
and attendants of the ancient god Mars. 

Both moons are irregular in shape and 
very small. Deimos, the outer one, measures 
about 9 to 11 kilometers. Phobos, the inner 
one, about 16 to 22 kilometers. Pictures 
show them to be dark rocky bodies, pitted 
with craters. They are like asteroids. 

Deimos and Phobos both revolve 
around the equatorial region of Mars in 
nearly circular orbits, in the same direction 
that Mars spins on its axis: west to east. 
Deimos orbits Mars at an average distance 
of about 19,300 kilometers above the plan- 
et’s surface. It takes 30 hours and 18 min- 
utes to go once around Mars completely. 
On Mars, Deimos would be seen to cross 
the sky from east to west once in about 2/2 
Martian days. 

Phobos is only some 6,000 kilometers 
above the Martian surface. It orbits the 
planet once in 7 hours and 39 minutes. 
Because it circles Mars faster than the plan- 
€t rotates, Phobos is seen there to rise in 
the west and set in the east. It makes two 
complete crossings of the sky in one Mar- 
tian day. 


Te Great Red Spot, the vortex of a storm, is Jupiter's foremost feature. Pioneer 
took this photo 1,100,000 kilometers from the surface during its flyby. 


JUPITER 


It is the largest planet in our solar sys- 
tem, bigger than many stars. Its volume is 
1,300 times that of the earth. It has a diam- 
a of 142,860 kilometers. In comparison, 

e earth's diameter is less than 13,000 kil- 
ometers — scarcely ¥/11 of Jupiter's. 
at Despite its huge bulk, Jupiter spins on 
Pris much faster than our planet, making 
po capiet turn in slightly under 10 
ee jr This fact explains why Jupiter 1s 
Oticeably flattened at its north and south 
poles and bulges around its equator. 
dons For all its enormous size, however, 
piter is only 318 times more massive than 


the earth. Because it has more mass, Jupi- 
ter's gravitational pull is 2.65 times that of 
the earth. Thus if you weigh 50 kilograms, 
on Jupiter you would weigh 2.65 times as 
much — more than 130 kilograms. 

Scientists have also calculated that 
Jupiter has only '!/ the density of the earth. 
In fact, its density is only about 1/3 times 
that of water. The reason for this is that 
the giant planet consists mostly of gases — 
hydrogen, helium, methane, and ammonia. 

Other facts about Jupiter are of inter- 
est. It travels around the sun, between the 
orbits of Mars and Saturn, at an average 
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distance from the sun of nearly 779 million 
kilometers. Because of this vast distance, 
Jupiter takes nearly 12 years to go once 
completely around the sun. At its closest 
approach to us, Jupiter is about 591 million 
kilometers away. It is 966 million kilome- 
ters away when farthest from the earth. 

Pioneer 10 indicated that Jupiter’s 
magnetic field extends out several million 
kilometers. This magnetic field traps 
charged particles that make up the ‘‘solar 
wind" that flows out continuously from the 
sun. These particles result in extremely 
high radiation levels around Jupiter. 

Voyager 1 showed Jupiter to be sur- 
rounded by a ring. Some 48,000 kilometers 
above the Jovian cloud tops, the ring is 
about 30 kilometers thick and 9,000 kilo- 
meters wide. It is too faint to be seen from 
the earth. 


JUPITER'S APPEARANCE 


Jupiter often looks bright to the un- 
aided eye. Among the planets, only Venus 
and Mars may be brighter. Despite its great 
distances from us, Jupiter is easily visible. 
It is very large and reflects more than 70 
percent of the sunlight falling on it. 

Even a small telescope shows the plan- 
et as a disk, sometimes surrounded by four 
spots of light. These are the four “Galilean 
satellites," the largest of Jupiter’s moons. 
They were discovered in 1610 by the Ital- 
ian scientist Galileo Galilei, who was the 
first to observe Jupiter with a telescope. 
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This photograph of the 
Southern Hemisphere of 
Jupiter was obtained by 
Voyager 2. Se n front of 
the turbulent clouds near 
the Great Red Spot is lo, the 
innermost of Jupiter's larger 
moons. lo is about the size 
of Earth's moon 


In large telescopes and in th Pioneer 
photographs, Jupiter is a spectacular sight. 
Its wide disk is crossed by many bands of 
color—pastel shades of blue, brown, pink, 


red, orange, and yellow. These bands, or 
belts as astronomers call them, are parallel 
to Jupiter's equator. ; 

Jupiter's belts, despite changes in their 
colors and other features taking place from 
time to time, are mostly permanent. Jupi- 
ter’s face is also marked by shifting patches 
and spots, the most obvious of which is the 
famous Great Red Spot. 


PHYSICAL CONDITIONS 


The "'surface" of Jupiter seen in tele- 
Scopes and photographs is not actually a 
solid surface or crust. In fact, we are not 
sure whether Jupiter has any solid part at 
all. It may be a gigantic ball of substances 
that are usually known as gases on the 
earth. But there may be at least a small, 
rock-hard or partly solid core at the center 
of the planet. NS. 

The multicolored belts at Jupiter's 
"surface" are layers of dense atmospheric 
clouds, composed of liquid drops and fro- 
zen particles. Just how deep the atmo- 
sphere and its clouds extend is not certain, 
but the depth is probably about 1,000 kilo- 
meters. Toward the interior of Jupiter, the 
clouds become heavier, and the gases as- 
sume a liquid form. 

About 24,000 kilometers from the sur- 
face, the liquified gases become truly solid, 


A volcanic explosion on 
raphed by 
Voyager 1. Solid material 
had been thrown about 
160 kilometers high at an 
ejection velocity of about 
2,000 kilometers per 
hour. The pink dots are 
not related to the ex- 
plosion. 


because of the enormous pressures, thou- 
sands of times those at the surface of the 
earth. The conditions just described would 
explain the low average density of Jupiter. 

_ The idea that Jupiter’s visible face is 
fluid agrees with the way the planet rotates. 
Depending on latitude and feature, Jupiter 
makes a complete turn on its axis in from 9 
hours 50 minutes to almost 9 hours 56 min- 
utes. The equatorial region spins fastest, 
the polar regions slowest. This is the way a 
mass of gas or liquid would rotate. If there 
is a solid core, one would expect the planet 
to rotate more uniformly. 

_ Because of Jupiter’s rapid spin, great 
distance from the sun, and deep clouds, the 
planet’s weather must be strange and dif- 
ferent indeed from the weather on the 
earth. Yet certain cloud formations in the 
earth's atmosphere resemble the belts of 
Jupiter, And the planet has, like the earth, 
great cyclonic storms, or regions of low at- 
mospheric pressures, as well as their oppo- 
Sites: anticyclonic flows with high pressures. 

Jupiter radiates two or three times as 
much energy as it receives from the sun. 
This means that the planet has an internal 
Source of energy — probably the energy left 
Over from the time when it was first formed. 
Some astronomers think of Jupiter as a star 
that simply didn't “make it" because it was 
too small. That is, its mass was too small to 
Produce the internal pressures and temper- 
atures needed to set off the nuclear reac- 
tions that take place inside a star. 
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Jupiter also radiates energy in the form 
of radio waves. Some of them originate in 
atomic particles that come from the sun and 
are trapped in a belt around Jupiter by the 
planet's magnetic field. Scientists use radio 
telescopes to study the waves. 


CHEMICAL COMPOSITION 


If you landed on Jupiter and tried to 
breath the air, you would soon die. The 
substances in Jupiter's atmosphere would 
poison or suffocate most living things from 
the earth. 

These dangerous substances are the 
elements hydrogen and helium and the 
hydrogen-carrying compounds methane, 
ammonia, and possibly hydrogen sulfide; 
on earth they are normally gases. Jupiter 
lacks the chief ingredients of the earth's 
atmosphere: free, molecular oxygen, nitro- 
gen, and carbon dioxide. But the planet 
probably has water. 

If you somehow could survive for a 
while in Jupiter’s atmosphere, you would 
smell extremely foul odors. They come 
from the ammonia and the hydrogen sul- 
fide. Ammonia is a pungent compound of 
hydrogen and nitrogen. On earth it is pro- 
duced by the decay of certain proteins. 
Hydrogen sulfide, another protein-decay 
product, contains sulfur and smells like rot- 
ten eggs. p X 

The other chief constituents of Jupi- 
ter's atmosphere — hydrogen, helium, meth- 
ane, and water—are odorless. Methane is a 
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chemical compound of hydrogen and car- 
bon. It is formed on the earth by the decay 
of organic matter in the absence of atmo- 
spheric oxygen. It is also called marsh gas, 
because it frequently arises in marshlands. 


THE GREAT RED SPOT 


Almost from the time astronomers first 
observed Jupiter with the telescope, over 
three centuries ago, they have been puzzled 
by one of the strangest features ever ob- 
served on any body of the solar system. It 
is the Great Red Spot. 

Located at 20° latitude in Jupiter’s 
Southern Hemisphere, the Great Red Spot 
has an oval shape and measures about 
50,000 kilometers at its widest. Its size 
varies. Also, it changes in color from a 
bright brick red to an almost invisible pink 
and then back, over periods of many years. 

Although the spot maintains more or 


less the same latitude, it may change its 
longitudinal position markedly. Also, the 


Great Red Spot has a speed of rotation 
around Jupiter’s axis averaging a 
meters per hour slower than tho 
areas close to the spot. It may move slightly 
faster or slower from time to time 


It is now the general opinion of space 
scientists that the Great Red Spot is a vio- 
lent storm raging in the uppe: (mosphere 
of Jupiter. We are looking down upon a 
hurricane-type event so enormous that it 


could easily swallow up the entire earth. 
The storm has raged for many centuries 
and gives no signs of coming to an end for 
many more. 

The close-up photographs taken by 
Pioneer 10 and 11 show the “pinwheel” 
structure of the Great Red Spot. It is spin- 
ning so rapidly that it is rigid enough to dis- 
place the clouds of the south tropical zone. 


This Voyager 1 view of the Great Red Spot is shown in enhanced color, which emphasizes 
red and blue over green. At the bottom is one of three oval cloud systems that formed 


nearly 40 years ago. 


This color-added photo of Callisto, the outer- 
most of J s inner moons, was taken by 
Voyager 2. The icy surface of Callisto is the 
most densely cratered of Jupiter's moons. The 
bright areas are probably material thrown out by 
relatively recent impacts with meteorites. 


Temperature measurements indicate that 
the storm rises some eight kilometers above 
the surrounding cloud deck. 

The photographs also revealed the 
presence of other, smaller storm centers, 
such as the Little Red Spot in the Northern 
Hemisphere of Jupiter. In fact, the face of 
Jupiter as a whole is a scene of much weath- 
er activity, The grayish white zones are 
warm, upward-rising weather ‘‘cells” that 
carry heat from the interior of the planet to 
the surface, The lower, red-brown areas are 
downward-sinking cells. 


THE INNER MOONS OF JUPITER 


Jupiter has 16 moons—four of which 
are several thousand kilometers in diam- 
eter. Some of the small, outer moons 
may be former asteroids, captured by the 
Planet’s vast gravitational field. The den- 
Sities of the moons decrease outward as 
the spacing of their orbits increases. The 
inner moons are rocky, and the outer ones 
are possibly frozen liquid or gaseous. 

Photographs taken from Voyager 1 
Tevealed several new satellites. The newest 
Of these, tentatively called 1979 J3, is 
only 40 kilometers in diameter and orbits 
at the edge of the Jovian ring system at a 
great speed. 

. The most interesting moon is Io, which 
is volcanically active. Voyager 1 passed 
less than 22,400 kilometers under lo's 


south pole, taking numerous photographs 
of its surface. Io is so active that no per- 
manent features could be distinguished 
in the Voyager photographs, making it 
difficult to determine the moon's rotation 
period. However, the photographs did 
show several erupting volcanoes spewing 
dust many kilometers above them. Voy- 
ager 1’s infrared sensor detected enormous 
lava lakes whose temperatures are be- 
tween 78° and 93° Celsius. The surround- 
ing areas are about — 162° Celsius. 

Inspection showed many surface fea- 
tures also found on earth, such as rounded 
hills, plateaus, cliffs, depressions, and 
plains. One scientist compared the surface 
of Io to Yellowstone National Park, which 
has been “cooked, steamed, and fumed.” 

Europa is Jupiter's fifth closest moon. 
Voyager 2 photographs of it show rela- 
tively few impact craters. But it is marked 
by long linear features thousands of kilo- 
meters long and tens of kilometers wide. 
These features appear dark on its light, 
icy surface. 

Ganymede is Jupiter’s largest moon. It 
is 5,270 kilometers in diameter. Our moon's 
diameter is 3,480 kilometers by comparison. 
Voyager 2 came within 60,000 kilometers 
of Ganymede, photographing its earthlike 
surface. The surface shows numerous 
parallel faults (cracks), which appear to be 
like those on the Pacific and Atlantic 
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This model of Jupiter's interior shows the planet as primarily a ball of liquid hy- 
drogen, perhaps with a small rocky core. The atmosphere, about 1,000 kilome- 
ters deep, consists of several layers, as shown in the small closeup. 


Ocean basins. There are also areas that 
have been pounded by meteorites, which 
have left circular impact craters. 

Callisto, which is almost as large as 
Ganymede, shows an icy surface that has 
preserved the heavy meteorite bombard- 
ment of the early period of the solar system. 
Nothing appears to have happened to 
Callisto since the final formation of this 
moon. The craters appear to be rounded, 
There appears to be no kilometer-high 
crater walls and towering peaks as on 
earth’s moon. 


LIFE ON JUPITER? 


For many years, astronomers were 
convinced that nothing could live on Jupi- 
ter. They pointed to the unearthly condi- 
tions: the brutal climate, the lack of oxygen, 
and the presence of poisonous or suffoca- 
ting chemicals. Today the attitude of scien- 
tists is completely different. These very 
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conditions are now thought to be a breeding 
ground for substances that could develop 
into living matter. ; 

As we have said, methane, ammonia, 
and hydrogen sulfide, which are abundant 
on Jupiter, often arise on earth from decay 
of organic matter. Does this mean that Jupi- 
ter is filled with decaying organic matter? 
Not at all. 

Suppose we could reverse the process 
of decay. What if we could take ammonia, 
methane, hydrogen sulfide, water, and 
other chemicals, combine them in different 
ways, and get proteins and other biological 
compounds? According to many scientists, 
this may be happening on Jupiter. Further- 
more, this process may have begun tO 
take place on the earth 4,000,000,000 to 
5,000,000,000 years ago. Studies have indi- 
cated that, although life flourishes on earth 
today, it could never have arisen from ordi- 
nary matter under our present conditions. 


SATURN 


Fort ty and interest alike, there are century English astronomer Sir William 
few object: in the starry heavens to com- Herschel, Saturn was considered to be the 
pare wit rn. This magnificent planet, outermost of the planets. To be sure, Ura- 
with the tem of rings that encircles it, nus, a planet far outside the orbit of Saturn, 
provided an unforgettable spectacle when is clearly though faintly visible to the naked 
viewed the U.S. Voyagers 1 and 2 eye. But it was not revealed as a planet 
spacecraf 1980 and 1981. The Saturni- ^ until 1781, when Sir William discovered 
an syste cludes not only the planet and that what was once thought to be a star had 
its rings ;bably thousands of rings, ring- a definite disk. Today we know that there 
lets, and inglets—but also as many as are at least two other planets outside the 
21 satell or moons. orbit of Saturn—Neptune and Pluto. 

Until > days of the great 18th- To the ancients Saturn appeared to be 
The rings he magnificent planet Saturn are bright and the features of the 
planet's northern hemisphere are well-defined in this Voyager 2 photo taken on 
July 12, 1981 from a distance of 43 million kilometers. 
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the most insignificant of the heavenly 
bodies that were supposed to circle the 
earth (the sun, the moon, Mercury, Venus, 
Mars, Jupiter, and Saturn), as distinguished 
from the fixed stars. The glorious rings that 
surround the planet were invisible before 
the invention of the telescope in the first 
decade of the seventeenth century. Other- 
wise this magnificent crown might have 
saved Saturn from the sinister reputation 
that it once bore, Ancient astrologers main- 
tained that it had a sinister influence upon 
people. 

It is believed that Saturn acquired its 
bad reputation because of the slowness 
with which it moved against the back- 
ground of the fixed stars and also because it 
casts a comparatively dim light. To be sure, 
it appears to the naked eye as a very bright 
star, but it is far less bright than Venus, 
Mars, and Jupiter, and only about as bright 
as little Mercury, which lies nearest to the 
sun. When the sign of the zodiac where 
Saturn happened to be appeared near the 
horizon at the time of a person’s birth, that 
unfortunate person was supposed to be par- 
ticularly subject to the evil influence of the 
planet misfortune would follow ever after- 
ward, 


MASSIVE AND REMOTE 


Saturn is so far from the center of the 
solar system that, viewed from its orbit, the 
sun would appear as a brilliant pinpoint 
rather than as a disk. Saturn is nearly twice 
as far from the sun as Jupiter, and receives 
only one-ninetieth of the heat and light that 
we receive on earth. So remote is Saturn 
that from its surface none of the planets 
within its orbit except Jupiter would be visi- 
ble. Jupiter would appear as a companion to 
the sun, sometimes an evening star, and 
sometimes a morning star, as our sister 
planet Venus appears to us, 

mean distance of Saturn from the 
sun is 1,428,000,000 kilometers, or about 
9¥a times the distance of the earth from the 
sun. It completes its orbit once every 2942 
years, Our own planet, the earth, overtakes 
it and comes in line between it and the sun 
once every 378 days—that is, in about a 
year plus two weeks, Saturn is inclined to 
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the ecliptic, the apparent path of the sun in 
the heaven, by 2¥2 degrees. Its orbit, as it 
revolves around the sun, is much more 
eccentric than that of the earth. 

The distance of Saturn from the earth 
varies according to the position of the two 
planets in their orbits, from 1,197,000,000 
kilometers to 1,654,000,000 kilometers—a 
variation not suffficient to causc any great 
difference in the planet's brightness. 

The globe of Saturn is greatly flat- 
tened, so that when the planet is in such a 
position that the plane of its equator passes 
through the earth, its profile appears defi- 
nitely elliptical —a feature to which much of 
its striking appearance is due. The planet's 
polar diameter is nearly nine-tenths that of 
the equatorial diameter— 108,000 kilome- 
ters and 120,000 kilometers, respectively. 
These dimensions show the vast size of the 
planet. Its volume is nearly 750 times that 
of the earth; its superficial area over eighty 
times that of our globe. 

The density of Saturn is very low, 
much lower than that of any other planet. In 
fact it is only about three-quarters that of 
water. Because of this fact some astrono- 
mers hold that Saturn is far from having 
reached the solid condition. They maintain 
that it must cool for long ages to come be- 
fore it will approximate the present condi- 
tion of the earth. Saturn's flattened shape is 
believed due to this molten (or vaporous) 
condition and to its rapid rotation. 

Its swift rotation on its axis was first 
observed by Sir William Herschel in 1794 
by means of cloudlike markings visible on 
the planet. These indicated a rotation peri- 
od of ten hours and sixteen minutes. In 
1876, the American astronomer Asaph 
Hall noticed a brilliant white spot on Sat- 
urn's equator. Using this spot as a point of 
departure for his calculations, he found that 
the equatorial period of rotation was ten 
hours and fourteen minutes, two minutes 
less than the period determined by Her- 
Schel. This spot, which appeared to mark à 
vast eruption of glowing material from the 
planet's interior, remained visible for sever- 
al weeks. During that time many astrono- 
mers made a careful study of the planet's 
daily motion. 
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shapes— yet they remained visible, sug 
gesting that on Saturn, as on Jupiter, storms 
are long-lived 

There is a very brilliant and broad 
white belt around the equator of Saturn 
The poles have à cap of dull green. The 
spectroscope reveals a deep atmosphere 
Like that of Jupiter, it contains both am 
monia gas and methane (marsh gas). Metl 
ane predominates in the atmosphere of 
Saturn; ammonia, in that of Jupiter 

Voyager probes detected strange ping 
ing radio signals from the planet. Sounding 
like the pings of dolphins playing deep in 
the ocean, the sounds were detected in the 
vicinity of the inner moons Tethys and 
Dione. A doughnut-shaped cloud —a tor 
us—of electrically charged particles sur 
rounding the planet may act às a barrier 
containing the radio signals and keeping 
them from propagating outward. This torus 
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Voyager 2 obtained this view of cloud-shrouded 
Titan, Saturn's largest satellite, on August 22, 1981 
from a distance of 4.5 million kilometers. 


also discovered by the Voyager probes, is 
thought to be similar to the one Voyager 
had discovered earlier near Jupiter. 


SURROUNDED BY PARTICLES 


Saturn is surrounded by a vast swarm 
of small particles. They circle the planet 
in the form of many — probably thousands 
of—rings, some quite complex in structure. 
Saturn's rings were long thought to be 
unique in the solar system, but in 1977 the 
planet Uranus was also found to be encir- 
cled by a system of rings. Study of Saturn's 
rings proceeded slowly over the centuries 
and then took a giant step forward with the 
surprise findings of the Voyager probes. 

It was not until the telescope was dis- 
covered, in the first decade of the seven- 
teenth century, that men had the first ink- 
ling of the very existence of the rings. 
When Galileo examined Saturn in 1610 
with a telescope that he had made with his 
own hands, he came to the conclusion that 
the planet had a triple form. *When I ob- 
serve Saturn," he wrote to a friend, *the 
central star appears the largest; two others, 
one situated to the east, the other to the 
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lapetus, the outermost of Saturn e satellites, 
as seen from Voyager 2 on August 1981 from a 
distance of 1.1 million kilometers. 

west, and on a line that does not coincide 
with the direction of the zodiac, seem to 
touch it. They are like two servants who 
help old Saturn on his way and always re- 
main at his side. With a sma elescope, 


the star appears lengthened, and of the 
shape of an olive." 

Continuing to watch this strange per- 
formance, month after month, Galileo was 
amazed to see Saturn's attendants becom- 
ing smaller and smaller, until they finally 
disappeared altogether. He doubted the 
evidence of his telescope. "What can I 
say,” he wrote, “of so astonishing a meta- 
morphosis? Are the two small stars con- 
sumed like sun spots? Have they vanished 
and flown away? Has Saturn devoured his 
own children? Or have the glasses cheated 
me, and many others to whom I have 
shown these appearances, with illusions? 
Discouraged, he abandoned his observa- 
tions of Saturn. 

Others, however, watched the planet 
Whenever it was in view, and they gradually 
established the fact that Saturn's unusual 
appendages underwent regular changes. 
They appeared first as bright, straight lines 


stretching outward on either side of the 
planet’s elliptical disk. For the next seven 
years, these mysterious lines expanded into 
two luminous crescents attached to the 
planet like handles to a dish. For the next 
seven years crescents became flattened 
down until they were again lines projecting 
from Saturn. Finally they disappeared alto- 
gether. For as the planet pursues its vast 
orbit, slanting always in the same direction, 


its rings, at opposite points in its orbit, ap- 
pear in an edgewise position to observers on 
earth. Between these two edgewise appear- 


ances, the north and south faces of the rings 
are visible in turn, always foreshortened. 
Each is seen for a period of about 15 years. 

In 1655 the Dutch mathematician, 
physicist, and astronomer Christian Huy- 
gens invented an improved method of 
grinding lenses. As a result he was able to 
construct a powerful telescope that showed 
details more clearly than any earlier instru- 
ment. Using his new telescope, Huygens 
Observed that the rings of Saturn cast shad- 
ows on the planet and were separated from 
it. From this observation, he deduced the 
true nature of Galileo's ‘‘appendages,”’ 
Which had puzzled astronomers for such a 
long time. 


SATURN'S SEVERAL RINGS 


The idea that Saturn had rings was 
accepted in time. Huygens' fellow astron- 
Omers, including the renowned Giovanni 
Domenico Cassini, began to study the rings 
more carefully. In 1675 Cassini observed a 
dark band in what was then believed to be 
the single ring of Saturn. This band divided 
the ring into two separate rings. The divid- 
ing "band," which was really a gap, has 
Since been labeled ‘‘Cassini’s division." 

A third ring was observed in 1838 by 
the German astronomer Johann Gottfried 
Galle. His report of a third ring was ig- 
nored by his contemporaries. It was not 
Until the ring was observed and reported 
Simultaneously by W. C. Bond at Harvard 
and W. R. Dawes in England in 1850 that 
Its existence became an accepted fact. In 
the third ring, there is apparently much less 
material that can reflect the sun's light back 
to us. It has been likened to translucent 


crepe paper or gauze. As a matter of fact, it 
is often called the crepe, or gauze, ring. 

In 1837 Johann Franz Encke, the 
director of the Berlin observatory, saw 
what he believed to.be another division in 
the outer ring. It was not complete and was 
not equally distinct at all times. This indis- 
tinct and transitory division has been called 
**Encke's division.” 

In 1969 the French astronomer Pierre 
Guerin discovered a fourth faint ring of 
Saturn, long undetected because it is so 
close to the bright globe of the planet. 

The Voyager probes of 1980 and 1981 
revealed more major rings, discovered that 
the major rings are composed of many ring- 
lets, and determined that the divisions are 
not empty space at all but rather contain 
ringlets. 

The major rings of Saturn, going from 
the outermost to the innermost, are desig- 
nated by the letters E, F, A, B, C, and D. 


RING DIMENSIONS 


The E, or extended, ring lies outside 
the other major rings and may be as much 
as 100 kilometers thick. 

The F ring has generated much inter- 
est. It is a very narrow, wispy ring, perhaps 
composed of three to five ringlets that may 
be braided. Two tiny moons straddle the 
ring and have been thought to act as "'shep- 
herd” moons, confining the ring to its nar- 
row path by a kind of gravitational pinching 
action. Because Voyager 2 showed the ring 
undisturbed by the moons’ presence, the 
theory is now questioned. 3 

Ring A is the second brightest ring. It 
is 16,000 kilometers wide and has an out- 
side diameter of 273,000 kilometers. It may 
be no more than 100 meters thick. In this 
ring appears the narrow Encke’s division, 
containing multiple ringlets. 

The width of Cassini’s division, which 
lies between Rings A and B, is about 3,500 
kilometers. This division is known to con- 
tain a series of ringlets, some tightly packed 
together. , y 

Ring B is the brightest ring. Its width 
is 26,000 kilometers. Its outside diameter 
is 235,000 kilometers. Voyager studies 
revealed that the B ring is composed of 
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perhaps 300 ringlets, each of which may be 
made up of some 20 to 50 subringlets. 

The biggest surprise involving the B 
ring, however, was the appearance of 
"spokes," or "fingers," across the ring. 
These fingers move with the ring and are 
thought to be clouds of very fine particles 
raised above the plane of the ring. Voyager 
2 also detected ‘“‘lightninglike phenomena" 
from the region of the B ring. Whether 
these electrical discharges are responsible 
in some way for the spokes is the subject of 
much ongoing research. 

Ring C is the crepe or gauze ring. It is 
separated from Ring B by only about 1,600 
kilometers. It is 18,500 kilometers wide. 
Its outside diameter is 196,000 kilometers. 

Ring D is the faintest of all. It extends 
from the surface of Saturn to the inner edge 
of the C ring. 

For many years after the discovery of 
the rings, astonomers had no idea of their 
composition. Little by little, as new obser- 
vations were made, the facts concerning the 
rings were pieced together. Cassini, who 
was the first astronomer to discover that 
there was more than one ring, was also the 
first to offer a theory concerning the com- 
position of the rings. As early as 1715, he 
Suggested that they were composed of a 
great many little meteors. This, however, 
was just a guess. 


COMPOSITION OF THE RINGS 


In the early 19th century, the French 
mathematician and astronomer Marquis 
Pierre Simon de Laplace showed that the 
rings of Saturn could not possibly be solid 
or fluid. By applying the laws of motion and 
force to an imaginary solid ring, he showed 
that such a ring would be subjected to great 
Stresses and strains from the tremendous 
force of the revolution around the planet. 
These stresses and strains would even- 
tually break up the ring. In the case of a 
fluid ting, by applying the same laws of mo- 
tion and force, Laplace showed that great 
waves would be set up in the ring as it re- 
volved around Saturn. As a result the fluid 
would eventually fly off into space. 

More positive evidence was supplied 
by the celebrated English philosopher and 
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physicist James Clerk Maxwell. In 1859 he 
published an essay called ''On the Stability 
of Saturn’s Rings," in which he proved 
mathematically that only if the rings con- 
sisted of small satellites could they remain 
as stable as they had been since they were 
first discovered. 

The intricate nature of the rings was 
later to be confirmed by the findings of 
other astronomers. On February 9, 1917, 


two English astronomers, M. A. Ainslie 
and J. Knight, reported that a fairly faint 
star had been observed through the rings, 
although it had lost most of its brightness. 


On March 14, 1920, a similar observation 
was made at the W. Reid observatory in 
Rondebosch, South Africa. Later the 
Dutch-American astronomer Gerard P. 
Kuiper made a study of sunlight reflected 
from the rings with a device known as the 
lead sulfide cell. On the basis of his find- 
ings, he suggested that the rings may be 
composed of many small meteoritic ice par- 
ticles. This suggestion is supported by the 
latest Pioneer and Voyager observations. 


HOW DID THE RINGS ORIGINATE? 


In 1850 Edouard Roche proved math- 
ematically that any satellite within a certain 
distance of a planet around which it rotates 
would be torn apart by the gravitational 
forces of the planet. The gravitational force 
exerted by one body on another is inversely 
proportional to the distance between them. 
As they approach one another, the force 
becomes greater. Roche calculated that the 
exact distance at which the force of gravity 
of a planet would be great enough to tear 
apart its satellite is 2.44 times the radius of 
the planet. This distance is now known as 
Roche's limit. 

A line drawn from the center of Saturn 
to the outside edge of the visible ring sys- 
tem would be approximately 2.35 times the 
radius of the planet. This places the visible 
ring system inside Roche's limit. All of the 
known satellites of Saturn whose orbits are 
sufficiently well determined to establish 
their distances from the planet are outside 
Roche’s limit. Even the satellites first ob- 
served by Pioneer and Voyager probes an 
believed to be closest to the planet are at 


east 2.55 times the radius of 
s calculations thus delimit a 


distances at l 
Saturn. R: 


specific region within which satellites do 
not appear 

Here we have a clue to the origin of the 
rings. According to one theory, a **wander- 
ing moon,’ satellite, was torn apart by 
the planet' gravitational forces. The frag- 
ments of the former satellite now form 
the materia! of the rings. There is another 
quite similar theory of the origin of the 
rings. It holds that when the gases in the 
vicinity of planet cooled and formed the 


balls, or satellites, the gases 
limit were prevented from 
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combin into a satellite by the strong 
gravitational forces of the planet. There- 
fore, instead of merging into a single ball, 
they cooled as small fragments. These frag- 
ments revolve around Saturn separately 
in the form of the rings. The fact that the 


bona fide satellites of Saturn are all out- 


SATURN’S SATELLITES 


As many as 21 satellites may revolve 
around Saturn. The largest, Titan, is a 
planet in its own right, the “‘Jupiter’’ of the 
Saturnian system. The outstanding feature 
of the smaller moons is that two, even 
three, of them may share a single orbit. 

The two satellites that appear to shep- 
herd the F ring, for example, orbit close to 
each other and pass each other every few 
months, S-10 and S-11, and Dione and 
Dione-B, also appear to be heading toward 
a similar ‘‘dodge-’em’’ maneuver. Two 
newer moon-candidates were detected 
leading and trailing a larger moon, the sat- 
ellite Tethys. 

Tethys is a heavily cratered satellite, 
as is Mimas, which carries a huge impact 
scar on its side. Pictures of Tethys reveal 
a crater one-third the size of the moon, the 
largest crater seen on any of the Saturnian 
satellites. Enceladus, on the other hand, 
appears much smoother. It has empty 


side Roct limit seems to support these 
interesting theories. 
If you were iding on the frozen surface of Titan, you might 


have this spectacular view of Saturn. 


Painting by Chesley Bonestell, Griffith Observatory 
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plains and wrinkled ridges and valleys, sug- 
gesting a rather recent history of activity. 
Some scientists think that a slush may have 
obliterated impact craters on the moon and 
made at least part of the surface less than 
100,000,000 years old. 

Rhea, photographed extensively, is 
brownish in color and has a crater-saturated 
surface. The craters are of different sizes, 
suggesting to some that Rhea may be re- 
vealing two stages of impact: one series of 
impacts from the formation of the Saturnian 
system and one from debris from the rest 
of the solar system. 

Iapetus and Hyperion were also 
studied by Voyager the probes. Iapetus 
was found to be 80 per cent ice with at 
least half of its surface covered with “a 
stain of organic material." The moon ap- 
pears to have a light and dark side, the dark 
side perhaps resulting from a coating of 
dust particles. Hyperion held some sur- 
prises. Revealed as a "battered hockey 
puck," this strange misshapen moon, about 
190 kilometers by 345 kilometers, may 
have been smashed into its irregular shape 
by impact with another body. Its unusual 
shape and unusual axis orientation are 
giving scientists much to study. 

Titan, the largest of Saturn's moons, 


SATURN 


generates the most interest, however. It is 
nearly twice as large as the earth's moon, or 
about one-half as massive as the planet 
Mercury. It is enveloped in a red haze and 
appears as a nearly featureless reddish- 
orange disk, slightly darker in the Northern 
Hemisphere. Its atmosphere was long 
thought to be mostly methane, but the 
Voyager probes revealed that it is 99 per 
cent nitrogen with some methane, acety- 
lene, ethylene, and hydrogen cyanide. The 
presence of hydrogen cyanide is of particu- 
lar interest to scientists, for this molecule 
is believed to be a neces ecursor to 
the chemical evolution of | In many 
ways Titan mimics the conditions present 
on early earth and scientists hope that the 
study of Titan may reveal mt bout how 
life began and evolved on earth 


YEARS OF STUDY 


ary 


The data gathered by the two Voya- 
ger probes have provided a tremendous 
wealth of information that will take years to 


analyze. Meanwhile, the many-ringed, 
many-mooned Saturn continues to present 
a fascinating spectacle. 


hen the planet 


Four views of Saturn, each taken wl 
h 


has a different inclination relative 
L 


ry photograph 


THE OUTERMOST PLANETS 


Leaving behind us Saturn and its gor- 
geous retinue of rings and satellites, we 
proceed to far more remote areas of the 


solar system. Here we come upon two 
immense planets, Uranus and Neptune, 
and a tiny one, which is called Pluto. 

Saturn was the outermost of the plan- 
ets known to the ancient world. After as- 
tronomers had adopted the Copernican 


theory, which states that the planets re- 
volve around the sun, they carefully calcu- 
lated the orbit, or path, of Saturn. Until the 


eighteenth century it was taken for granted 
that no planet existed outside of this orbit. 
Perhaps astronomers would still be holding 
that belief if it had not been for a chance 


discovery made by a German-born English 
astronomer named William Herschel. 


DISCOVERY OF URANUS 


On the night of March 13, 1781, Her- 
schel was observing the stars in the constel- 
lation Gemini with an 18-centimeter re- 
flector telescope that he had just made. 
Suddenly he beheld what seemed to bea star 
shaped like a disk. Hershel was puzzled, 
Since all true stars (with the exception of 
the sun) appear as mere points of light, even 
when viewed with the most powerful tele- 
Scope. Observing the unknown body night 
after night, he noted that it changed its posi- 
lion among the stars. He then came to the 
conclusion that his “moving star” was a 
comet. He described it as such in a report 
that he sent to the Royal Society, the presti- 
gious British scientific society that has been 
4 center for the reading and discussion 
of scientific papers since the mid-17th 
century, 

The supposed comet was carefully fol- 
lowed by astronomers. They noted that it 
followed an almost circular orbit far out- 
Side the orbit of Saturn. As time went on, 
they realized that the new body was a plan- 
et and hailed Herschel as its discoverer. 

. Herschel named the new planet Geor- 
Blum Sidus (the Georgian Star) after the 
reigning monarch, George III. English as- 


tronomers called the planet the Georgian 
Star until about 1850; to others it was 
known as Herschel. The name finally given 
to it—Uranus—was proposed by the Ger- 
man astronomer Johann Elert Bode, who 
pointed out that all the other planets had 
been named after ancient gods. 

The mean distance of Uranus from the 
sun is 2,870,000,000 kilometers. It makes 
one complete revolution of the sun in 84.01 
years. That is, its year is equal to about 84 
earth years. The orbit is inclined to the 
plane of the ecliptic by less than one de- 
gree. The plane of its equator is almost at 
right angles to the plane of its orbit. Uranus 
has a diameter of about 50,100 kilometers 
at the equator and is about one fourth as 
dense as the earth, It rotates about its axis 
once every 24 hours. 

Uranus can barely be made out by the 
naked eye on a moonless night. Through a 
telescope it appears as a slightly sea-green 
disk.There are a few noticeable markings 
including several faint belts, whose nature 
remains a mystery to astronomers. The 
atmosphere of Uranus is made up chiefly of 
methane. The maximum surface tempera- 
ture of the planet is —180* Celsius. 

Uranus has five moons, which have 
been given the poetic names of Ariel, Um- 
briel, Titania, Oberon, and Miranda. The 
last, which is the faintest and closest to the 
planet, was discovered in 1948 by the 
Dutch-born American astronomer Gerard 
P. Kuiper. The satellites revolve about 
Uranus in the plane of the planet's equator. 


ENCIRCLED BY RINGS 


In early 1977 astronomers discovered 
that Uranus is encircled by five rings. The 
finding, made by Dr. James Elliot of Cornell 
University's Center for Radiophysics and 
Space Research and his assistants, revealed 
“the first major structures in the solar 
system to be found since the discovery of 
the planet Pluto in 1930." 

The rings lie 18,000 kilometers above 
the cloud tops of the planet. The entire 
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belt of five rings is about 7,000 kilome- 
ters wide. The rings range from about ten 
to 100 kilometers wide, and all, except 
perhaps the outermost, are circular. Like 
the rings of Saturn, these rings are thought 
to be made up of countless fragments that 
either failed to coalesce to form a satellite 
or else are the remains of what was once a 
satellite. 


UNEXPECTED ORBIT 


The neighbor of Uranus, huge Nep- 
tune, might still be unknown to us if Uranus 
had followed the orbit that the French as- 
tronomer Jean Baptiste Delambre mapped 
out for it in 1790. For a few years Delam- 
bre’s tables were in reasonable agreement 
with the observed position of Uranus. As 
time went on, however, the discrepancy 
between the tables and the actual orbit of 
Uranus increased. Astronomers agreed on 
the need for new tables. 

The French astronomer Alexis Bou- 
vard undertook this task. His tables seemed 
quite accurate at first, but after a while they 
failed to agree with the actual positions of 
the planet. Bouvard became convinced that 
a planet lying beyond the orbit of Uranus 
must be responsible. 


ANOTHER PLANET? 


On July 3, 1841, John Couch Adams, 
then an undergraduate in St. John’s Col- 
lege, Cambridge, entered the following 
memorandum in his notebook: *Formed a 
design, in the beginning of this week, of 
investigating as soon as possible after tak- 
ing my degree, the irregularities in the mo- 
tion of Uranus, which are as yet unac- 
counted for; in order to find whether they 
may be attributed to the action of an un- 
discovered planet beyond it, and if possible 
thence to determine approximately the ele- 
ments of its orbit, etc., which would prob- 
ably lead to its discovery." 

By 1845 Adams had completed 
some ingenious calculations that showed 
that a heavenly body — probably a planet 
—beyond the orbit of Uranus was draw- 
ing the latter planet from its calculated 
course. The next step was to have some 
competent observer carefully search the 
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T e Museum, London 


Sir William Herschel, who, on March 13, 1781, dis- 
covered the planet Uranus. 


region of the skies in which the planet 
would be found if Adams’ calculations were 
correct. In September, 1845, therefore, 
he communicated his results to the eminent 
British Astronomer Royal, Sir George 
Biddell Airy, and asked him to undertake 
the search. . 

Fora time Airy did nothing. According 
to one account, Adams failed to answer à 
crucial question that the Astronomer Royal 
had asked him. According to another, Airy 
did not go forward with the matter because 
he did not have a suitable star chart of the 
part of the sky indicated by Adams. It i$ 
possible, too, that he was not interested in 
the matter at first because Adams was un- 
known to him. Later, Airy bestirred him- 
self. In July 1846 he asked the English as- 
tronomer James Challis to search for the 
planet. Challis observed Neptune on August 
4, 1846, but he failed to recognize it. 


DISCOVERY OF NEPTUNE 


In the meantime the French asto 
mer Urbain-Jean-Joseph Leverrier had ¢al- 
culated the unknown planet's orbit, quite 


independe of Adams. Leverrier sent a 
series of > memoranda to the French 
Academy hat subject—in November 
1845 and ne and August 1846. Then 
he wrote ann G. Galle, chief assistant 
at the Be )bservatory, enclosing his 
calculatior id suggesting that Galle 


should lo r the planet. The letter 


reached € n September 23, 1846. That 
same nig! urned his telescope toward 
the quar the heavens suggested by 
Leverrier ound the planet less than 
one degre m the place where Leverrier 
said it wo: f 

The ery of Neptune was made 
possible se the Berlin Observatory 
had just r 'd a new and complete map 
of the sta: at region of the skies. The 
new plan s named Neptune, after the 
Roman g the sea (identified with the 
Greek gc eidon). Its discovery was a 


fine exa: f what has been called the 


"astronon the invisible": that is, the de- 
tecting of :wenly bodies, before they are 
actually observed in the skies, through the 
attractic y exert on known bodies. 
There was a good deal of rather un- 
pleasant controversy for a time concerning 
the matter of priority in the discovery of 
Neptune. It is now quite generally agreed 
that Adams and Leverrier deserve equal 


credit for the abstruse calculations that led 
to the discovery. To Galle goes the distinc- 
tion of having been the first to identify the 
planet in the heavens. 

The mean distance of Neptune from 
the sun is 4,500,000,000 kilometers. Its el- 
liptical orbit is only slightly eccentric: that 
is, the sun is almost at the center of it. The 
Plane of Neptune’s equator is inclined by 


The planet Neptune shown 
With its two satellites: Triton, 
Which is very close to the plan- 
et, and the smaller, more dis- 
tant Nereid. 


about 29 degrees to the plane of the planet’s 
orbit. It takes Neptune about 165 years to 
complete its rotation about the sun; its rota- 
tion period is 22 hours. The diameter of 
the planet is about 48,600 kilometers at the 
equator. Neptune is a little more than one 
half as dense as the earth. 


GREENISH DISK OF NEPTUNE 


Like Uranus, Neptune shows a green- 
ish disk. This is invisible to the naked eye 
but is plain enough when viewed through a 
telescope. The apparent magnitude of the 
planet at greatest brilliancy is 7.6. As a re- 
flector of the sun’s light, Neptune ranks 
high among the planets, surpassing even the 
bright planet Venus in this respect. 

There are no clear markings on the 
planet’s surface, though under the most 
favorable viewing conditions vague belts 
can be made out. Neptune’s atmosphere is 
made up chiefly of methane and ammonia, 
with methane predominating. The maxi- 
mum temperature at the surface is about 
—190° Celsius. 

Neptune has two known satellites. One 
called Triton was seen for the first time by 
the English astronomer William Lassell a 
few weeks after the discovery of the planet 
itself. Triton is somewhat larger than the 
moon. It revolves around Neptune from 
east to west. This is retrograde motion, op- 
posite the direction of Neptune’s rotation. 
Triton’s orbit is inclined about forty de- 
grees to the orbit of the planet. Its mass is a 
little more than one fiftieth that of the earth. 
Neptune’s other satellite, called Nereid, 
was seen for the first time in the heavens in 
1949 by G. P. Kuiper, the discoverer of 
Miranda. Nereid is much smaller than 


G. P. Kuiper, Lunor and Planetary Laboratory 
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Uranus with its five satellites. Miranda, the smallest 
and closest to the planet, was discovered in 1948 by 
the Dutch-American astronomer G. P. Kuiper. 


Triton and isfar more distant from Neptune. 
It is inclined about five degrees to the 


ecliptic; its motion is direct (from west 
to east). 


DISCOVERY OF PLUTO 


Even after Neptune had been discov- 
ered and its orbit calculated, the planet 
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Uranus did not follow the course that had 
been mapped out for it. Could the planet’s 
eccentric orbit be due to still another planet 
lying beyond the orbit of Neptune? A num- 
ber of astronomers, including Percival 


Lowell, director of the Lowell Observato- 
ry, near Flagstaff, Arizona, decided to in- 
vestigate the matter. By 1905, Lowe!) had 
made preliminary computations of the 
probable position of what he called the 
trans-Neptunian (beyond Neptune) planet. 
Under his direction the staff members at 


the observatory began to search for i! 

In 1915, Lowell published his Memoir 
on a Trans-Neptunian Planet, in which he 
presented his mathematical calculations of 
the planet's position. He believed that it 
would be found in either one of two areas in 
the sky. The search for the trans-Neptuni 
planet continued; years went by. At 
February 18, 1930, Clyde W. Tomb 
assistant on the Lowell Observato: 
found what seemed to be the long-sought 
planet as he studied a series of photographs 


he had taken of the skies. Further observa- 
tions were made, and finally, on March 13, 
the Lowell Observatory officially an- 
nounced the discovery of the new planet. It 
was named Pluto, after the Greek god of 


the underworld, because of its position in 
the distant part of the solar system. 

The planet Pluto is considerably 
smaller than the earth. Its diameter is about 
6,000 kilometers at the equator. In 1978, 
the discovery of a satellite revolving around 
Pluto was announced. This second body is 
thought to be only 2 to 3 times smaller 
than Pluto itself. Pluto appears as a faint, 
yellowish point of light of the fifteenth 
apparent magnitude. Its period of rotation 
is not known. Its period of revolution 
around the sun is 248.43 years. The orbit 
of Pluto is more inclined to the ecliptic 
than that of any other planet. The orbit is 
quite eccentric; that is, the sun is relatively 
far removed from the center of the orbit. 
Hence, when Pluto is at perihelion, or its 
position nearest the sun, it is nearer to 
the earth than is Neptune. The mean dis- 
tance of the planet from the sun is about 
6,000,000,000 kilometers. The surface 
temperature of Pluto is about —220° Celsius. 


Recent evidence indicates that Pluto is 
covered with frozen methane. Estimates of 
the planet’s size have been based on its 
brightness as a point of light. If, however, 
the planet is covered with methane ice, it 
could be much smaller than previously be- 
lieved and still shine as brightly. Some as- 
tronomers pect that Pluto might be a 
former satellite of Neptune. 


MORE PLANETS? 


question with an emphastic ‘‘yes’’—partic- 
ularly after the startling discoveries of 
the rings around Uranus and Jupiter. Some 
authorities still maintain that discrepancies 
in the calculated orbits of the outermost 
planets may be due to yet another—still 
undiscovered— planet. 

Much more information about the 
outer solar system may be gathered in the 
late 1980's. Following the Saturn flyby, 
Voyager 2 continued outward toward a 


Have we now discovered all the plan- planned close encounter with Uranus in 
ets that circle the sun? It would be arash — 1986. The probe is then scheduled to sweep 
astronomer indeed who would answer the by distant Neptune in 1989. There it may 

confirm the suspicion that a ring system en- 
A drawing showing the position of Pluto about the circles the planet. This grand journey, then, 
time of its discovery. Careful study of a series of May provide us with our first good look at 
photos had re d the long-sought planet Xasa the outer solar system. 
moving dot y west of Delta. 


H. S. Rice, American Museum of Natural History 
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ECLIPSES 


An eclipse of the sun or moon is truly 
an awe-inspiring spectacle. The word 
"eclipse" comes from the Greek word 
ekleipsis, meaning “forsaking,” or “‘aban- 
donment," indicating how the ancients 
dreaded this celestial drama. As the sun or 
moon disappeared from view, it seemed 
indeed to be deserting mankind. Eclipses, 
like comets, were held to be portents of 
war, pestilence, the death of princes, or 
even the end of the world. To this day, 
certain primitive peoples come to the aid of 
the sun or moon, as it is being eclipsed, with 
solemn rites and loud entreaties. 

We know now that there is a perfectly 
logical explanation of eclipses: they are 
caused by the enormous shadows of the 
earth and of the moon. Both of these bodies 
are opaque. Hence, when they are illumi- 
nated by the sun, each has a shadow ex- 
tending out into space, away from the sun. 

The shadow cast by the earth or moon 
has several parts, as shown in diagram 1. 
There is a region of complete shadow, 
which is known as the umbra (the Latin 
word for shadow"). Since both the earth 
and the moon are smaller than the sun, the 
umbra of each is conical in shape. It dimin- 
ishes in diameter as it extends farther out in 
space until, finally, it comes to a point. No 
light comes directly from the sun to any 
object within the umbra. Surrounding the 
cone of complete shadow, there is a region 
of partial shadow, called the penumbra 
(Latin for “almost a shadow”). Any object 
within it receives light from a portion of the 
sun. If the lines bounding the conical region 
of complete shadow are extended outward, 
as shown in diagram 1, an inverted cone is 
formed. It is called the negative umbra and, 
as we shall see, it is an important factor in 
certain eclipses of the sun. 


LENGTH OF THE SHADOW 


It is not difficult to calculate the length 
of the umbrae (plural of umbra) of the earth 
and the moon. It is evident from the dia- 
gram that the length of the cone of complete 
shadow depends upon three factors: the 
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Diagram 1. The different parts of the shadows cast 
by the earth or by the moon. The umbra is the area 
of complete shadow, which appears on earth as à 
complete eclipse. The penumbra is the area of 
Partial shadow. The area of the negative umbra 
represents the continuation of the lines that bound 
the complete shadow. All three shadow areas are 
cones or parts of cones. 
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Diagram 2. Two of the phases of the moon: new moon and full. The inner circles 
along the moon's orbit show the phases as viewed from earth. 


Orbit of earth 


Moon 


Orbit of moon 


Diagram 3. The plane of the moon's orbit around the earth is slightly inclined (a 
little more than five degrees) to the plane of the earth's orbit around the sun. 


diameter of the source of light —the sun; the 
diameter of the earth or moon; and the dis- 
tance between the sun and the earth or 
moon. 

_It is important to bear in mind that 
While the diameters of the sun, earth, and 
moon are constant factors, the distances 
between the earth and the sun and between 
the moon and the sun are variable. For this 
reason, the umbra of the earth or of the 
moon varies in length. The average length 
of the earth's umbra is about 1,400,000 ki- 
lometers; the average length of the moon's 
umbra, about 375,000 kilometers. 

As the moon travels around the 
earth —a journey that takes approximately 
a month — the earth sometimes enters the 
moon's shadow. In that case, an eclipse of 
the sun takes place. Sometimes the moon 
enters the shadow of the earth, and in that 
Case there is an eclipse of the moon. A solar 
eclipse can take place only at the time of 
new moon, when the moon is between the 
sun and the earth. A lunar eclipse can take 
place only at full moon, when the earth is 
between the sun and the moon (see dia- 
gram 2). There would be an eclipse of the 
Sun at every new moon and an eclipse of the 
moon at every full moon if the moon's orbit 
Were in exactly the same plane as the 


earth's orbit around the sun. However, this 
is not the case. The moon's orbit is slightly 
inclined to that of the earth (see diagram 3). 
The angle of inclination is slightly more 
than five degrees. 

The moon passes through the plane of 
the earth's orbit around the sun twice every 
month, at points called the nodes of the 
moon's orbit. Generally, the moon is at 
one side or the other of the earth's orbital 
plane at new moon or at full moon. If it is 
not in the plane at new moon, its shadow 
does not fall upon the earth, and the sun 
is not eclipsed. If the moon is not in the 
plane of the earth's orbit at full moon, it 
remains outside of the earth's shadow, and 
the moon is not eclipsed. From time to time 
the moon is at full or new moon at about the 
time when it crosses the plane of the earth's 
orbit. When that happens, there is a lunar 
eclipse at full moon and a solar eclipse at 
new moon. 


ECLIPSES OF THE MOON 


For an eclipse of the moon to take 
place, then, (1) it must be at full moon and 
(2) it must be near one of the nodes of its 
orbit. The length of the earth's umbra is 
about 1,400,000 kilometers and the average 
distance of the moon from the earth is 
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about 385,000 kilometers. Therefore, when 
the moon plunges into the cone of complete 
shadow, it is much nearer to the base of the 
cone than to its tip. The diameter of the 
cone, where the moon passes through it, is 
about two and one-half times the diameter 
of the moon. 

If the path of the moon happens to 
pass through the center of the shadow, the 
moon may remain totally eclipsed for about 
an hour. The shadow may cover part of it 
for about two hours. A lunar eclipse begins 
when the moon enters the penumbra and 
ends when it leaves the penumbra. There is 
little significant darkening, however, until 
the moon enters the umbra. 

If the path of the moon takes it near the 
edge of the shadow, the total phase of its 
eclipse may last only a few minutes. If the 
moon’s path is such that only a portion of 
its disk, and not the whole of it, enters into 
the conical shadow of the umbra, the 
eclipse is partial and not total. Sometimes 
the moon in its path passes, not through the 


Paths of important total eclipses of the sun in the 
1970's and 1980's. Arrows show the direction of 
movement. 


cone of complete shadow, but through only 


the penumbra. If this happens, so much 
light is still received from a portion of the 
sun’s disk that there will be no marked ob- 


scuring of the moon unless it passes very 
close to the true shadow. The moon is usu- 
ally not altogether lost to view even in the 


midst of a total eclipse. It shines with a 
strange copper-colored glow. 

Eclipses of the moon are not so fre- 
quent as solar eclipses. There are at least 


two eclipses of the sun every year, and 


there may be as many as five. On the other 
hand, there are years when there is no 
eclipse of the moon at all. Generally speak- 
ing, there are no more than two lunar 
eclipses in any one year. But if there is an 


eclipse of the moon on one of the firsi days 


of the year, there may be a third eclipse in 
December. 

The statement that eclipses of ihe sun 
are more frequent than eclipses of the moon 


may seem to run counter to our experience. 
After all, we know that people living ina 
given region will see more eclipses of the 


moon than eclipses of the sun within a spe- 
cific period of time. But, as a matter « 


of fact, 
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+h to reach the earth. At times, 
the moon is only about 356,500 


Dec. 4, 2002 


Gamma 
A total solar eclipse. The aberrations above the 
house were caused by the reflection of the camera. 


kilometers from the earth’s surface. The 
true shadow then falls upon a small part of 
the earth’s surface, causing a total eclipse of 
the sun over an area that cannot exceed 270 
kilometers in diameter. At other times, the 
moon may be more than 406,000 kilome- 
ters from the earth. If it is then interposed 
between the sun and the earth, its negative 
umbra will partially obscure a small area of 
the earth’s surface, causing an annular 
eclipse of the sun at that point. In an annu- 
lar eclipse, the sun’s rim appears as a “ring” 
of light around the dark moon. (Annulus 
means “ring” in Latin.) 

Around the area where there is a total 
eclipse or an annular eclipse of the sun, 
there is always a much larger area where 
there is a partial eclipse. This area is in the 
moon’s penumbra. It generally extends for 
more than 3,000 kilometers of the earth’s 
surface on each side of the path where the 
total eclipse can be seen. Sometimes the 
area of partial eclipse extends nearly 5,000 
kilometers on each side of the path of 


totality. 
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This page and next: four successive phases of the 1973 total eclipse, as seen from an airplane 


The moon's shadow passes along this 
path at great speed—about 1,700 kilome- 
ters an hour. The longest period of total 
eclipse, under the most favorable condi- 
tions, is about seven and one-half minutes. 

Few spectacles in the heavens are as 
Startling as a solar eclipse. The approach of 
a total solar eclipse is particularly impres- 
sive and, to some persons, alarming. The 
sky darkens; birds fly to shelter; other ani- 
mals may show signs of alarm. The dark- 
ness rapidly increases. Finally the dark 
shadow of the moon, like a vast thunder- 
cloud, advances with awe-inspiring rapidity 
from the western horizon and covers the 
land. Usually, just before the last rays of 
the sun are obscured, swiftly moving bands 
of light and shade are observed. (They are 
probably due to uneven refraction in the 
atmosphere.) Then the day becomes like 
night. As the eye becomes accustomed to 
the darkness, surrounding objects seem to 
have an eerie appearance. No wonder 
eclipses were once regarded with dread. 

As the eclipse approaches totality, the 
sun is seen as a very narrow crescent of 
brilliant light. The crescent then becomes a 
curved line and finally breaks off into irreg- 
ular beads of light known as Baily’s beads. 
The beads are caused by irregularities 
in the outline of the moon as seen in silhou- 
ette. The irregularities are due to lunar 
mountains and valleys. The sun’s rays pass 
through the valleys, but are obscured by the 
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mountains. Even at totality, the a sphere 
that surrounds the sun extends s out in 
space that it is never completely 'red by 
the moon. We see the eclipsed sun sur- 
rounded by a beautiful glow. While observ- 
ing a solar eclipse, remember tha: the eyes 
must at all times be protected from the di- 
rect rays of the sun. 
OPPORTUNITY FOR STUDY 

Total solar eclipses offer astronomers 
exceptional opportunities to study the at- 


mosphere of the sun; the distribution of its 
material; the depth of the reversing layer; 
the chromosphere, or sun’s inner layer; and 
the breathtaking splendor of the corona, or 
outer layer. Furthermore, at the time of to- 
tal eclipse, astronomers can photograph 
celestial objects close to the sun. This can- 
not be done at any other time. 
Unfortunately, few total eclipses of the 
sun take place in areas where well 
equipped astronomical observatories are 
located. Astronomers must generally travel 
if they are to observe a total eclipse of the 
sun. Modern eclipse expeditions are gener- 
ally very elaborate and costly undertakings. 
Temporary villages must be set up to house 
members of these expeditions, and much 
costly scientific apparatus must be in- 
stalled. Before the eclipse takes place. the 
track of the moon's shadow must be lined 
by temporary observatories, which are 
staffed by careful watchers. The work must 


be carefully planned and timed, since an 
eclipse lasts for only a few minutes. 

The simplest observations made during 
a total eclipse of the sun are the precise 
moments of each of the so-called contacts. 
These give detailed information about the 
moon's position and motion. The first con- 


tact takes place when the moon first en- 
croaches on the sun's disk. In the second 
contact, the sun disappears behind the 
moon, and the solar corona becomes visi- 


ble. In the third, the sun's rim is seen again. 
In the fourth, the moon passes completely 
off the sun's disk. If the times of contact are 
observed at widely separated stations along 
the path of the eclipse, scientists can de- 
termine the exact distances from certain 
points on the earth's surface to other points 
far removed. 

In the period of total eclipse, certain 
observers search for possible undiscovered 
planets within the orbit of Mecury, the 
planet closest to the sun. At any other time, 
the brilliance of the sun's light makes it im- 
possible to spot a planet near the sun. Thus 
far, no new planet within the orbit of Mer- 
cury has been discovered. The search for 
hitherto unknown comets during solar 
eclipses has been more rewarding. A num- 
ber of new comets have been tracked at 
Perihelion —the part of their orbit where 
they pass closest to the sun. 


PREDICTING ECLIPSES 


Inasmuch as eclipses of both the sun 


all photos, Gamma 


and the moon depend upon the regular 
movements of the sun, earth, and moon, the 
occurrence of eclipses, both in the past and 
in the future, can be calculated with great 
accuracy. In the 1880's, for example, the 
Austrian astronomer Theodor Oppolzer 
published a book called the Canon of 
Eclipses, in which he gave a table of 8,000 
solar eclipses and 5,200 lunar eclipses tak- 
ing place between 1207 B.C. and A.D. 2162. 
His Canon has now been extended to 
2510 a.D. and revised with the aid of elec- 
tronic computers. In the case of solar 
eclipses, he indicated the areas of the earth 
from which the eclipses would be visible. 
By consulting Oppolzer’s tables, we find, 
for instance, that on February 16, 1980, 
a total eclipse of the sun lasting four min- 
utes and eight seconds will take place in 
various parts of Africa. 

Predictions ofeclipses go back to antiq- 
uity. Perhaps the most famous of these 
early predictions was that of Thales, a phi- 
losopher of Miletus, who died in the year 
546 B.c. The Greek historian Herodotus 
has given the following dramatic account of 
the prediction: “There was war between 
the Lydians and the Medes. . . In an en- 
counter which happened in the sixth year 
[of the war] it chanced that the day was 
turned into night. Thales of Miletus had 
foretold this loss of daylight to the Ionians 
[Miletus was in the ancient district of Ion- 
ia], fixing it within the year in which the 
change did indeed happen. So when the 
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Orbit of the Earth 


Lydians and Medes saw the day turned to 
night they ceased from fighting, and both 
were the more zealous to make peace.” 
This eclipse has been identified with the 
one that took place on May 28, 585 p.c. 

Thales’ prediction was based on a 
remarkable discovery made by Chaldean 
astronomers long before his time. They had 
noted that eclipses of the sun and moon 
occur in series and that a definite period of 
time elapses between one eclipse of a series 
and the following eclipse. By calculating 
the time that had passed since the last solar 
eclipse in a series of this sort, Thales could 
predict the next eclipse. 


SERIES OF ECLIPSES 


The interval between an eclipse of the 
sun or moon and the next one ina given se- 
ries is called a saros. Each saros is 18 years 
and 114s days long (or 18 years and 101/s 
days long if there are five leap years instead 
of four in a saros). While a given series of 
solar eclipses may run through 70 saroses 
and last for 1,250 years, there are only 48 
or 49 saroses in the average series of lunar 
eclipses. A given series of lunar eclipses 
lasts somewhat under 900 years. 


ECLIPSES 


1. A total solar eclipse for those in the 
umbra of the new moon; a partial 
eclipse for those in the penumbra 


2. Anannular eclipse of the sun. 


3. Atotal eclipse of the moon. 


Several eclipse series, solar and lunar, 
run their courses at the same time. If an 
eclipse in Series A took place, s _in the 
first week of May, 1970, the next eclipse of 
that same series will occur in May. 1988. In 
another series, which we shall call Series B, 
an eclipse may occur, say, in the last week 
of June, 1971. The next will be in July 
1989. A 

The first eclipse in a series of solar 
eclipses is partial, the moon encroaching 
but slightly on the sun’s disk. At the next 
eclipse, the moon obscures a somewhat 
larger area of the sun. Next time, the 
eclipse, though still partial, is more pro- 
nounced. It becomes more extensive with 
each passing saros. Ultimately, the partial 
eclipses are followed by a series of annular 
and total eclipses. In these, as the moon 
passes across the sun’s disk, the moon 
either covers all but the outer rim (an an- 
nular eclipse), or it obscures the sun al- 
together (a total eclipse). Then there follow 
a succession of partial eclipses, each one 
obscuring a smaller area of the sun's disk 
than the one before. In the last eclipse of 
this particular series, the bright disk of the 
sun is only slightly obscured. 


As Comet West moved away from 
the sun, it became very bright with 
an unusually long two-part tail. 
This photo shows it against a 
dawn sky on March 6, 1976. 
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by Nicho!as T. Bobrovnikoff 

As incients gazed at the night 
skies, they were occasionally startled to see 
strange tial objects intruding upon the 
familiar | rn of stars, moon, and planets. 
These mysterious apparitions looked like 
fuzzy sta ith long trains of light, moving 
from on istellation to another and cut- 
ting across the paths of the planets at 
every conceivable angle. The trains of light 
suggeste: woman's tresses; hence the 
celestial intruders came to be known as 
“long-h d stars," We now realize that 
these so-called stars were comets, a name 
derived from the Greek work kometes for 
“long-haired.” 

A bright comet was a terrifying specta- 


cle in antiquity and for a long time there- 
after. It was thought to foreshadow some 
dire catastrophe—plague, or famine, or 
war, or perhaps the death of a ruler. In 
Shakespeare’s Julius Caesar, Calpurnia, 
Caesar’s wife, warns him not to venture 
forth on the fatal ides of March because she 
has beheld a comet. Says she: 


“When beggars die, there are no comets seen; 
The Heavens themselves blaze forth the death 
of princes.” 


. Of course no intelligent person be- 
lieves today that comets are messengers of 
doom. We realize that they are bona fide 
members of the solar system and that their 
coming is no more portentous than the ap- 
pearance of the first stars as twilight 
deepens. 


HOW COMETS APPEAR 


When comets are first discovered in 
the heavens, they usually appear as faint, 
diffuse bodies with a slight condensation, or 
denser section, toward the middle. This 


Photograph by George Briggs; courtesy of Astronomy magazine 


denser part, which sometimes looks like a 
tiny star, is known as the nucleus. The neb- 
ulous, or veil-like, region around it is the 
coma. Nucleus and coma together form the 
head of a comet. Most comets show no par- 
ticular change in appearance. 

In a certain number of cases, however, 
a spectacular transformation takes place as 
the comet approaches the sun. The coma 
changes from a diffuse round mass to sharp- 
ly defined layers, called envelopes. Nebu- 
lous matter streams away from the comet's 
head in the direction opposite to the sun 
and forms an immense tail. Most comets of 
this type have only one tail. A very few 
have two or more. The bright comet of 
1744 had six in all. Some comets occasion- 
ally also have forward spikes. As a comet 
recedes from the sun, the tail (or tails) can 
no longer be seen, the coma becomes dif- 
fuse again, and in the great majority of 
cases the comet itself disappears from view. 
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ORIGIN AND STRUCTURE 


How do comets originate? According 
to one theory, they represent celestial 
building blocks left over after the formation 
of the planets. According to another, they 
are remnants of shattered worlds. All this is 
pure conjecture; so are the various theories 
that attempt to explain how comets are 
launched on their journey around the sun. 
One theory, proposed by the Dutch as- 
tronomer J. H. Oort in 1950, holds that 
there is a vast storehouse of comets—as 
many as 100,000,000,000, perhaps — in the 
icy reaches beyond the farthermost plane- 
tary orbit. According to this theory, a given 
comet would normally remain entirely inac- 
tive in the "deep freeze" of space unless the 
passage of a star disturbed it. It then would 
swing into the sphere of gravitational at- 
traction of one of the major planets, such as 
Jupiter or Saturn, and would revolve 
around the sun a few hundred or few thou- 
sand times until its substance would be 
depleted and it would disintegrate. 

We are on more solid ground when we 
try to analyze the structure and composi- 
tion of comets. The general belief is that the 
nucleus consists of a vast number of small 
solid bodies held together by mutual attrac- 
tion. The nuclei of certain comets that have 
come close to the earth have been mea- 
sured with considerable precision. The tail 
ofthe great comet of 1861 stretched across 
two-thirds of the sky, and the comet was 
bright enough to cause shadows to be cast 
on the earth. Yet it had a nucleus less than 
160 kilometers in diameter. When Pons- 
Winnecke's comet came within 6,500,000 
kilometers of the earth in 1927, its nucleus 
was found to have a diameter no greater 
than one or two kilometers. 

As the nucleus of a comet approaches 
the sun, the solar heat vaporizes the materi- 
al on the outer surface of the nucleus, Es- 
caping gases, carrying fine dust with them 
diffuse into the coma. They are then swept 
away by the force of the sun’s radiation to 
form the tail. The gases and the dust they 
transport are illuminated partly by reflected 
sunlight. In part, too, they become lumi- 
nous because they absorb ultraviolet light 
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and then give it out in the form 
light. 

The tail, which, as we have 
the opposite side of the comet fro 
increases in breadth as the dist 
the head increases. The tail doc 
an exact continuation of the ima 
between the sun and the comet's 
greater the distance from the cor 
the more the gases and dust th: 
the tail lag behind. Hence, the ta 
the shape of a curved horn, wit! 
the horn at the head. 

When the comet turns awa 
sun, the material that formed 
swept off into space. Obvious! 
comets must gradually lose all 
stance, unless it can be replenish 
and by gas molecules swept 
course of the journey through spa 


Right: elliptical orbit (blue line) of H 
et, which will next be visible in 1986 


Below: possible orbits of comets. Perio: 
move in an ellipse (dotted line). O 
along open curves, either parabolic (dot 
line) or hyperbolic (dashed line). Still 
line) disintegrate in the solar system. 
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COMPOSITION 


The spectrograph has revealed that 
comets contain various gases, including 
cyanogen (CN), carbon (C,), carbon mon- 
oxide (CO), nitrogen (N,), hydroxyl (OH), 
and nitrogen hydride (NH). The known 
presence of highly poisonous gases, such as 
cyanogen and carbon monoxide, in comets 


gave rise to a certain uneasiness in 1910, 
when Halley's comet passed between the 
earth and the sun. Astronomers had an- 


nounced that our planet was certain to pass 
through at least a part of the comet's tail. 
Would not the earth’s inhabitants be sub- 
jected to gas poisoning? After the comet 
had passed, it was realized that such fears 
had been groundless. The gases in the tail 
did not produce the slightest effect as they 
swept over the surface of the earth. 
Undoubtedly the earth has passed 
through the tails of comets many times and, 
as far as we know, without harm to living 


organisms. The reason is that there are too 
few molecules in the tails to contaminate 
the earth’s atmosphere. It has been calcu- 
lated that the best vacuum obtainable in the 
laboratory contains millions of times more 
matter per unit of volume than does the tail 
of a comet. 


SMALL AMOUNT OF MATTER 


The total amount of matter in a comet, 
nucleus and all, is so small that it cannot be 
measured by the attraction that the comet 
exerts on the planets or their satellites. It 
has been discovered by indirect methods 
that the entire mass of Halley’s comet 
cannot be more than 1/1,000,000,000th 
that of the earth. 

But, although the mass of a comet is so 
small, its size may be very great. The head 
of the great comet of 1811 was consider- 
ably larger than the sun. As a rule the head 
of even a very small comet has a diameter 
larger than the earth's. The tail may stretch 
over millions of kilometers, sometimes 
reaching several hundred million kilome- 
ters. 

Every time a comet approaches the 
sun, the strong gravitational pull exerted by 
that huge body subjects the comet to a tre- 
mendous strain. As a result, the comet may 
be broken up into two or more smaller 
bodies. That is what happened to Biela's 
comet, which split into two comets in the 
winter of 1845-46. The two were next 
observed in 1852 traveling not far apart in 
the old orbit. They were no longer visible at 
the predicted returns of 1859 and 1866. On 
what would have been the next approach of 
the comets to the sun —in 1872 —a dazzling 
meteor shower was seen. The comets had 
disintegrated. We know that other meteor 
showers, including the Perseids in August 
and the Leonids in November, have been 
due to the disintegration of comets. 


DIRTY SNOWBALL 


The American astronomer Fred Ls 
Whipple, of the Harvard Observatory, pro- 
posed a novel theory of the nature of com- 
ets—the so-called icy conglomerate, or 
dirty snowball, theory — in the early part of 
the 1950's. Dr. Whipple maintains that 
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January 1974 photo of Comet Kohoutek. This photo 
was artificially colored to show brightness levels 
and the comet's hydrogen halo. 


from 70 to 80 per cent of the mass of a 
comet is made up of icy particles, consist- 
ing of compounds of hydrogen with heavier 
elements, particularly carbon, nitrogen, and 
oxygen. These compounds might be meth- 
ane (CH,), ammonia (N H,), and water 
(H,O). As a comet approaches the sun, ac- 
cording to Whipple, the ice particles on the 
outer surface of the comet sublimates, or 
Passes directly from the solid to the gaseous 
State. The resulting gases, together with 
fine dust particles, would form the tail. The 
remaining 20 to 30 per cent of the comet’s 
mass—consisting of compounds of the 
heavier elements—do not vaporize ap- 
preciably during the lifetime of the comet. 


Halley's comet is depicted in this detail of the 11th 
century Bayeux tapestry, which commemorates the 
Norman conquest of England in 1066. 


Musée de Bayeux 
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These comparatively heavy co inds are 
the particles that produce tacular 
meteoritic showers when the comet finally 
disintegrates. 
MOTION OF COMETS 

The motion of the comet led as- 
tronomers for a long time. gh the 
apparent motion of the planets y com- 
plicated, it shows much regul which 
was evident even to the ancier omets, 
on the other hand, emerge into with a 
flourish and then disappear f ws on 
end. They traverse all regions « sky at 
various angles to the plane of t ir Sys- 
tem. No wonder that until the of Ty- 
cho Brahe, a late 16th-century : nomer, 
comets were thought to be pl iena of 


the earth's upper atmospher e the 
aurora borealis, or northern lig 


It was not until 1705 that rue na- 
ture of cometary motion was lished. 
In that year Edmund Halley end of 
Sir Isaac Newton, applied the | gravi- 
tation to the observations of iber of 
comets. He found that they sled in 
space in accordance with th iw. He 
noted, too, that the comets of , 1607, 
1531, and 1456 had moved i: ich the 
same way. He came to the clusion, 
therefore, that these supposedly different 


comets were really one and the same body, 
which reappeared every seventy-five or 
seventy-six years. Halley predicted that the 
comet would return in 1758. His prophecy 
was fulfilled for the comet was sighted in 
that year, though it did not appear at its 
brightest until 1759. Halley’s comet ap- 
peared again in 1835 and in 1910, and will 
next be visible in 1986. 

Further investigation showed that the 
comet had been observed at every appear- 
ance as far back as the year 240 s.c. It 
Should have been visible in 315 s.c. and 
391 B.c., but there are no actual records of 
its appearance in those years. However, the 
comet of 467 B.c., the first that was defi- 
nitely recorded, was undoubtedly Halley's 
comet. 

. This comet figured prominently in an- 
cient and medieval chronicles. It was usu- 


ally discussed in connection with some 
calami ther, which it was supposed to 
have f i. It was seen in the year 66 of 
our er v years before the destruction 
of Jerus by the Roman Emperor Titus, 
and wa cribed by the Jewish historian 
Josep! he “Sword of God” over the 
doome It appeared in 451 at the time 
of Atti vasion of Western Europe and 
again i 6 when William the Conqueror 
invade land. In the eleventh-century 
Bayeu estry, commemorating Wil- 
liam's « iest, Halley's comet occupies a 
promi ice. 

W {alley demonstrated in 1682 
that tł et which now bears his name 
was a i| body moving around the sun 
in acc e with the law of gravitation, 
he dis once and for all the notion that 
comet baleful significance as signs of 
the wr God. For this reason the year 
1682, Halley observed the comet 
later n | after him, represents an im- 
portan dmark in intellectual history. 

Sin lalley's time, the orbits of a 


A long cigar-shaped orbit 
of a comet is seen in this 
Striking painting of the so- 
lar system as it would look 
from the vicinity of the 
planet Saturn. 


good many comets have been traced. To 
understand the nature of these orbits, it is 
necessary to point out that, according to the 
law of gravitation, comets must move 
around the sun in one of the conic sections. 
A conic section is a curve obtained when a 
plane cuts through a cone. There are only 
two such curves that are closed —the circle 
and the ellipse. A body moving in one of 
these curves ultimately returns to the place 
from which it started. As astronomers 
would say, the body has a definite period of 
revolution. 

A comet cannot move in a circle. If it 
started by tracing a circular path, the attrac- 
tion of planets in the solar system would 
soon distort its path into an ellipse. Thus, 
all periodic comets must move in ellipses. 

The circle and the ellipse are not the 
only possible conic sections. The cone can 
be cut so as to produce open curves — para- 
bolas and hyperbolas. A comet moving in 
one of these curves would travel around the 
sun and off into space, never to be seen 
again. 

Painting by Helmut K. Wimmer, The American Museum of Natural History, 


Hayden Planetarium. 
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At one point in its orbit, a comet will 
be nearest to the sun. This point is called 
perihelion. The opposite point in the orbit, 
farthest from the sun, is called aphelion. 
Halley's comet was at perihelion in 1910. 
In the year 1948 it was at aphelion. 


NAMING COMETS 


Astronomers must be able to identify 
comets, in order to calculate their orbits. 
Each comet, therefore, is distinguished by 
à special name. This contains the year 
when a particular appearance was first dis- 
covered, and a letter indicating the order of 
discovery among the comets of that year. 
This is a temporary name. Once the or- 
bit has been computed and time of perihe- 
lion worked out, the same comet is desig- 
nated by the year of perihelion passage, 
and a Roman numeral, indicating its order 
among the comets that have reached peri- 
helion that year. 

For example, Halley's comet in its 
last apparition was first called 1909c and 
then 1910 II. This means that it was the 
third comet discovered in 1909, and the 
second comet to pass perihelion in 1910, In 
the case of more recently sighted comets, 
the ne D the discoverer is added in pa- 
rent . Thus the t comet temporari- 
ly designated as eee now referred to as 
1936 11 (Peltier). Thus it was the first comet 
discovered in 1936; it was the second 
comet to pass perihelion in that year; the 
ovi v Peltier, ? 

ews of a comet's discovery in the 
Eastern Hemisphere is immediately sent to 
the observatory in Copenhagen, Denmark, 
the international clearing house for infor- 
mation of this kind. When the Harvard 
Chenrvaiery obe wend of the dis- 
‘overy openhagen, t telegraphs the 
information to all the observatories in the 
Western Hemisphere. News of a discovery 
oe H re is sent to the 
MERE » which then forwards 


DETERMINING THE COMET'S ORBIT 


After a comet is discovered astro 
mers begin to measure the apparent posi. 
tion of the comet in reference to known 
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A conic section —a circle, an ellipse, a parabola, or 
an hyperbola —is obtained when a plane intersects a 
cone. 


Stars. Its position, measured at intervals of 
a few days, gives the astronomer enough in- 
formation to calculate a preliminary orbit 
and to predict the comet’s motion in the 
future. Some of these measurements may 
be in error, or the comet may be too diffuse 
to be measured precisely. As a result, the 
first calculation of the orbit is usually some- 
what inaccurate, It is amended as further 
observations become available. When the 
comet has disappeared from view, all ob- 
Servations are collected, and then the defi- 
nitive or final orbit is computed. 

The main difficulty in determining 
an orbit is that at first we have no idea 
how distant the comet is. It is presum- 
ably "near" the earth (that is, within 
160,000,000 kilometers), but it appears to 
be as remote as the stars. It is only when it 
moves against the background of the con- 
Stellations that we can begin to calculate its 
actual distance from the earth. There is an 
added complication. The apparent motion 
of the comet among the constellations is 
due principally to its real motion around the 
sun, but it is also due in part to the motion 
of the earth during the interval between 
Observations. Therefore the astronomer 
must disassociate, or separate, the motion 
of the earth from that of the comet. 

At best, even with modern calculating 
machines, the computation of the orbit is 


very tec and even the best computers 
make | kes. Therefore two computers 
genera rk independently and check 
their r from time to time. After the 
orbit | en computed, the ephemeris 
is set 1 ephemeris is a statement, in 
the for table, of the assigned places of 
a cele dy for regular intervals. 


It ke a long time to work out the 


definiti it. Each observation must be 
checke best known position for each 
comp ur must be obtained, and the 
attrac rturbation) by other members 
of the ystem must be allowed for 
From e computations various quan- 
tities ved. They are called elements 
of the One of the elements is the 
time « lion. Another is the distance 


of pe on from the sun, measured in 


astror units. An astronomical unit is 
a unit urement used by astonomers 
for gre ances. One astronomical unit, 
abbre | a.u., equals the distance from 


the « o the sun, or approximately 


149,00 kilometers 
SHOR LONG PERIODS 

T} ne that elapses between two re- 
turns « omet to perihelion is called its 
period e comets move in comparative 
ly smal lipses, so that they come back 
to perihelion every few years; that is, they 
are short-period comets. Encke's comet 
has the shortest known period —about 3.3 
years. It was first discovered in 1786 and 
has since been seen returning to perihelion 


more than forty times. None of the short- 
period comets are bright. Under the best 
conditions Encke's comet is barely visible 
to the naked eye 

If the orbits of certain short-period 
comets, about thirty in number, are plotted, 
itis seen that all of the aphelia, or positions 
farthest from the sun, fall near the orbit of 
Jupiter. Obviously this giant among the 
planets exerts an important influence upon 
these comets. It can be shown mathemati- 
cally that they were deflected by Jupiter 


Comet Ikeya-Seki, visible in late 1965, was the first 
Comet to have its temperature taken. Infrared tech 
niques revealed that when 32 million kilometers from 
the sun, its temperature was 650° Celsius 


from their original orbits and made to move 
around the sun in small ellipses 
these short-period bodies are called Jupi 
ter's family of comets 

Other planets have also deflected com 


Therefore 


ets in much the same way and now have 
their own comet families. Saturn's family is 
few in number. It includes the remarkable 
Comet 1925 IL (Schwassmann-Wachmann) 
which has a period of 16 years and an orbit 
that is almost a circle. It was the first comet 
to be observed in every part of its orbit 
from perihelion to aphelion. This strange 
body is subject to remarkable changes in 
brightness, the cause of which is unknown 
Sometimes it flares up and becomes more 
than 500 times as bright as it was à few 
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days previously. Unfortunately, it is always 
so far from both the earth and sun that even 
at its brightest a good telescope is necessary 
to see it at all. 

Halley's comet belongs to Neptune's 
family, which, like Saturn's family, has only 
a few members. Some of these, including 
Halley's comet and Comet 1884 I (Pons- 
Brooks), are quite bright. 

For some comets, periods of 100, 200, 
or 500 years have been calculated. The 
longer the period, the more uncertain it is. 
The trouble is that we can observe such 
comets only in the small part of their orbit 
near perihelion. In the case of comets with 
periods of more than a few thousand years, 
the orbit that can be observed shows ex- 
ceedingly little curvature. This often 
makes it impossible to figure out the shape 
of the orbit or the length of the period. 
According to the Estonian astronomer E. 
Opik, some of the longer orbits may ex- 
tend out to the nearest stars, more than four 
light-years away. A light-year is approxi- 
mately 9,600,000,000,000 kilometers. 

Most astronomers believe that all com- 
ets are periodic, although the periods may be 
many thousands or even millions of years. 
It is thought, for example, that Comet 1914 
V (Delavan) has a period of 24,000,000 
years. It is possible, however, that the or- 
bits of some comets may form an open 
curve, whose ends can never meet. In 
such cases, the comet may have been trav- 
eling in an elliptical orbit when it entered 
the planetary region of the solar system, 
and may have been thrown into an orbit 
forming an open curve because of the gravi- 
tational attraction of the major planets, 


COLLISION WITH A PLANET? 


Since comets move in all directions in 
the solar system, it is conceivable that a 
comet might collide with a planet like the 
earth. We have already seen that no dam- 
age is done when the earth passes through a 
comet’s tail, but what would happen if the 
earth were struck by the nucleus? 

The chances of this taking place are 
very small. Yet in the earth’s long history 
there must have been a few collisions with 
comets. In such an event there would cer- 
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tainly be a brilliant display of m 
the comet’s nucleus disinteg 
coming in contact with the eart! 
sphere. The larger pieces of th: 
nucleus might cause considerable destruc- 
tion if they fell into a populated region. 


APPARENT BRIGHTNESS 


As we have observed, the illumination 
of comets is due, directly or indirectly, to 
the sun. The nearer to the sun a comet is, 
therefore, the brighter it is. The distance of 
the comet from the earth will also naturally 
affect its apparent brightness. In 1910 Hal- 
ley's comet appeared brightest, not at peri- 
helion, but a month later, about the middle 
of May, when it came closest to our planet. 
The brightness of comets is measured by 
the scale of apparent magnitudes used to 
measure the apparent brightness of the 
stars, 

One of the brightest comets ever seen 
in the skies was that of 1577. It was care- 
fully observed by Tycho Brahe, who 
proved that it was not in our atmosphere. 
This demonstration dealt the death blow to 
the old theory that comets are vapors from 
the surface of the earth, ignited in the upper 
atmosphere of our planet. 

A very bright comet appeared in 1680 
and was studied in detail by Sir Isaac New- 
ton in his famous Principia. Others ap- 
peared in 1744, 1811, 1843, 1858, 1861, 
and 1882. Comet 1858 VI (Donati), visible 
in the western sky in September and Octo- 
ber 1858, was only moderately bright, but it 
was well situated for observation. People 
everywhere could see it. 

Only a few bright comets have ap- 
peared in the 20th century, though there 
have been many easily visible to the naked 
eye. We have already mentioned Halley's 
comet, which appeared in 1910. Comet 
1927 IX (Skjellerup) was very bright, but it 
was almost entirely ignored by the general 
public because it appeared to be so close to 
the sun. Another extremely bright comet 
was the one called Ikeya-Seki. Discovered 
by two amateur Japanese astronomers, K. 
Ikeya and T. Seki in September 1965, it 
created quite a sensation. After passing 
Within 500,000 kilometers of the sun, the 


nucleus of the comet broke into three 
pieces. These three pieces then sped back 
into space 

The brightness of a comet is difficult to 
predict. In the winter of 1973-74 Comet 
Kohoutek failed to appear as brightly as 
had been predicted, while in early 1976 
Comet West surprised many, becoming one 
of the brightest comets observed since the 
beginning of the 20th century. 


AMATEURS DISCOVER MANY 


Many an amateur has been inspired by 
the appearance of a particularly spectacular 
comet to launch into a search for new com- 
ets. As a matter of fact, most new comets 
are discovered by amateurs. A professional 
astronomer using telescopes follows a rigid 
program of observation and for the most 
part observes individual stars or small parts 
of the sky. Once in a while a hitherto un- 
known comet will come within this field of 
view, but this does not happen often. The 
amateur who makes a deliberate search for 
a comet by scanning every quarter of the 
sky is more likely to make a discovery. 

The amateur comet hunter should use 
a small telescope that has a wide field of 
view — four or five times the diameter of the 
moon —and should work out a definite sys- 
tem of observation. One excellent method 
is to sweep the sky from east to west and to 
change the position of the telescope with 
every sweep so that the new field partially 
Overlaps the old one. The most promising 
areas for search are the western sky after 
nightfall and eastern sky before dawn. 

The comet-hunting amateur will find 
many celestial objects that look like com- 
ets. Many of these, however, will prove to 
be nebulae and globular clusters. The only 
way to distinguish between such permanent 
objects in the sky and comets is to memo- 
rize the positions of the nebulae and globu- 
lar clusters or to consult an atlas of the sky, 
Such as Norton's. The real comet will be- 
tray its nature by changing its position 
among the stars within a few hours. Only 
Occasionally will an observer come upon à 
comet with a tail about which there can be 
no doubt. In most cases the comet will be 
faint and diffuse, without any tail. 
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Only a fairly skillful amateur astron- 
omer can search for new comets with any 
hope of success. The comet hunter must be 
able to operate a telescope efficiently, must 
know how to distinguish a comet from a 
nebula, and must be able to determine with 
what speed and in what direction the new 
comet is moving. Besides a certain amount 
of proficiency in astronomy, an amateur 
comet hunter must also have a great deal of 
persistence and must realize, too, that all 
efforts may be fruitless, for luck plays an 
important part in every discovery. But 
there are compensations. The searcher will 
gain a greater knowledge of the heavens 
while scanning the star-studded sky night 
after night for month after month. If the 
hunt is successful at last and a discovery 
confirmed, the hunter will have the im- 
mense satisfaction of knowing that a heav- 
enly body will be known by his or her name 
for all time to come. 

The champion discoverer of comets 
was Jean-Louis Pons, who had been a jani- 
tor at the Marseilles Observatory. Between 
the years 1802 and 1827 he discovered 
twenty-eight comets — more than one a 
year—with his homemade telescope. The 
American amateur comet hunters W. R. 
Brooks and E. E. Barnard attained such 
fame for their discoveries that they became 
professional astronomers. Brooks discov- 
ered twenty-five comets between 1883 and 
1911, and Barnard in about the same period 
found twenty-two. Leslie Peltier won fame 
in the present century as a comet hunter. In 
a little observatory on his farm in Ohio, he 
added comet after comet to his "bag." 


STILL PROBLEMS TO SOLVE 


Much remains to be done in observing 
the spectra of comets and in determining 
their brightness, shape, and motions. The 
observation of comets from space—away 
from interference caused by the earth's 
atmosphere — now provides a new approach 
to the study of comets. In 1974 the study 
of comet Kohoutek by the then-orbiting 
U.S. Skylab crew added much information. 
Future observations from space will no 
doubt further advance our understanding of 
these unusual members of the solar system. 
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Asteroids are t retary 
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Most are founc en the 
orbits of Mar: ter. In 
this three-h xposed 
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of the orbital ç (f one 
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THE ASTEROIDS 


In the region between the orbits of 
Mars and Jupiter, we find the orbits of a 
vast number of small celestial bodies. 
These bodies are known as asteroids, minor 
planets, or planetoids. About two thousand 
of these bodies have already been cata- 
logued, and there may be over a hundred 
thousand. Some of them have orbits that 
swing beyond Jupiter, and some come in- 
side the orbit of Mars. 

The asteroids were discovered be- 
cause astronomers were intrigued by an 
apparent flaw in the law they then used for 
estimating the relative distances of the plan- 
ets from the sun. This law, formulated by 
the German astronomer Johann Elert Bode 
in 1772 and known as Bode’s Law, was 
based on the fact that as the distance from 
the sun increases, the planet paths are more 
and more widely Separated. Bode claimed 
that the increasing distances of the planets 
from the sun followed a more or less regular 
ratio. Today we realize that the law is based 
upon coincidence and in fact does not apply 
at all to the two outermost planets, Nep- 
tune and Pluto, which were not known in 
Bode’s day. However, for a number of 
years after it was Proposed, the law was 
accepted by astronomers, 
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The only difficulty Bode's | eemed 
to present was the fact that the gap between 
Mars and Jupiter was too great be ex- 
plained by the law. Astronome: me to 
the conclusion that another planet, hitherto 


undiscovered, must lie within this belt. 
Toward the end of the eighteenth century, 
an association of astronomers wa ormed 
for the purpose of hunting for th missing 
planet. They realized that the object of their 
search must be small, or else it would not 
have escaped observation for such a long 
time. 


DISCOVERY OF A “MISSING PLANET 


When Giuseppi Piazzi, an Italian as- 
tronomer, announced on January 1, 1801, 
that he had discovered a new heavenly 
body in the zone between the orbits of 
Mars and Jupiter, astronomers assumed 
that this was the planet for which they had 
been searching. Curiously enough, Piazzi 
came upon the supposed planet more Or 
less by accident. He was engaged in making 
a catalogue of the fixed stars. He had de- 
veloped a very exact method for mapping 
the sky by determining the relative posi- 
tions of the stars within a given area on à 
number of successive occasions. If any 


“star” moved in relation to its neighbors, it 
was obviously not a star at all but some 
other sort of heavenly body, such as a plan- 
et or a comet. The moving body would not 
be included, therefore, in Piazzi's catalogue 
of stars. 

Piazzi had already mapped out more 
than 150 areas of the sky without incident. 
However, when he compared four succes- 
sive observations of the constellation Tau- 
rus, he discovered that a certain small star 
within the constellation had changed its 
position from one observation to another. 
The Italian astronomer suspected that the 
“star” was really a comet. But when Bode 
heard of its movements, he decided that it 
was the planet for which so many astron- 
omers had been searching. 


THREE MORE "PLANETS" 


Piazzi fell ill before he had time to 
make many observations of the new heav- 
enly body, and it was lost to view for a time. 
Word of the discovery had come to Karl 
Friedrich Gauss, a young mathematician of 
Goettingen, Germany. Using a new method 
for determining planetary orbits, Gauss was 
able to calculate the path of the supposed 
planet from the few observations made by 
Piazzi. As a result, it was rediscovered in 
December 1801. It received the name of 
Ceres, after the Roman goddess of plant 
life. Not long after Ceres had been redis- 
covered in the heavens, astronomers dis- 
covered three other "planets" — Pallas 
(1802), Juno (1804), and Vesta (1807). It 
was realized by this time that the newly 
discovered heavenly bodies were too small 
to rank as full-fledged planets. Rather, they 
Were minor planets. The names asteroids 
and planetoids have also been applied to 
them. 

. Ceres, Pallas, Juno, and Vesta are the 
Big Four among the asteroids. They are the 
only ones that show definite diameters and 
appear as disks when viewed through a 
telescope. Ceres is about 770 kilometers in 
diameter, Pallas 490 kilometers, Vesta 385 
kilometers, and Juno 190 kilometers. 
Though Vesta is the third in size, it is the 
brightest, perhaps because its surface re- 
flects sunlight much more effectively than 


the surface of the other minor planets. Ves- 
ta is the only one that can be seen with the 
naked eye. 


MANY MORE ON FILM 


It was not until 1845 that the fifth as- 
teroid, Astraea, was discovered. Astron- 
omers were finding the search for the com- 
paratively tiny asteroids painfully slow and 
laborious. But in 1891, a new asteroid- 
hunting technique was developed by Max 
Wolf, of Germany. He attached a camera to 
a telescope that was moved by clockwork 
in such a way that it continually pointed to 
the same fixed stars. A photographic plate 
was set in the camera and exposed for a 
certain period of time. When it was de- 
veloped, the stars in the photograph ap- 
peared as white points. If there were any 
asteroid within the field of the telescope, it 
would appear as a short white line, because 
it would have moved in its orbit during the 
exposure of the plate. After adopting 
Wolf's technique, astronomers found so 
many new asteroids that it became difficult 
to keep track of them. 

It was by Wolf's method of photo- 
graphic observation that the small plane- 
tary body known as Eros was discovered in 
1898 by the German astronomer G. Witt. 
Though a part of this asteroid's orbit lies 
outside that of the planet Mars, it is for the 
most part between the orbit of Mars and 


The asteroid Eros swung close to earth in 1975, 
providing astronomers with a rare opportunity to 


study the tiny planet. 
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that of the earth. Eros, 24 kilometers in 
diameter, is an irregularly shaped body. It 
has a highly eccentric orbit and may ap- 
proach to within 22,400,000 kilometers of 
the earth’s path. By determining different 
positions of Eros during one of its ap- 
proaches to the earth, astronomers have 
been able to calculate the astronomical unit 
—the distance of the earth from the sun— 
more precisely than by other methods. 


VARIED ORBITS 


The asteroids cover a very wide belt in 
space. Hidalgo, at its farthest distance from 
the sun, approaches the orbit of the planet 
Saturn. Icarus, discovered in 1948, moves 
in an orbit that passes beyond Mars and 
then closer to the sun than the planet Mer- 
cury itself—a distance of only 30,000,000 
kilometers, which is about half that of Mer- 
cury from the sun. The asteroid Hermes, 
only 172 kilometers across, sometimes 
comes as close as 320,000 kilometers to the 
earth's orbit. This distance is smaller than 
that of the moon from the earth. In 1937, 
Hermes moved to within 800,000 kilome- 
ters of the earth itself, Evidently the orbits 
of the asteroids are highly varied and dis- 
torted compared to those of the planets. 
They may intersect each other and often lie 
at high angles to the planes of the earth’s 
path and the paths of other planets around 
the sun. The asteroids have never been 
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seen to collide with each other or with any 
of the planets, but this may have happened 
in the past. 

The larger asteroids have measurable 
disks, but in the great majority of cases, the 
diameter can be determined only by indi- 
rect means. As we saw, the largest a steroid, 
Vesta, is only 770 kilometers across. The 
smallest ones may be only one or two kilo- 
meters in their longest dimensions. Proba- 


bly, like Eros, they are not spheres but ir- 
regularly shaped solids. 
ORIGIN OF THE ASTEROIDS 

Astronomers have speculated on the 


origin of the asteroids. One the: ry, re- 
cently shown to be impossible, is that 
they are the remains of an exploded planet 
that had previously circled the sun between 
the orbits of Mars and Jupiter. The planet 
approached Jupiter too closely and was 
broken up by the gravitational pull of that 
giant planet. The fragments then collided, 
accounting for their varied orbits 

Another explanation of the origin of 
asteroids is that they are chunks of cosmic 
matter that somehow never finally united to 
form a planet, during the time that the solar 
System was coming into being. Here, too, 
the gravitational attraction of Ju piter would 
be the decisive factor. It would prevent the 
chunks from drawing together and ultimate- 
ly forming a single body. 


From the collection of 
Ronald A, Oriti, 

Griffith Observatory, 
Photo by James E. Klein 


Meteorites — perhaps stray as- 
teroids that collide with earth 
— are analyzed to help answer 
questions concerning the 
nature and origin of aster- 
oids. At left: an iron meteor- 
ite. 
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From time to time, even the most ca- 
sual watc of the night skies will observe 
a point of t, perhaps trailing a fleeting 
luminous train, in swift apparent motion 
against tl ckground of the fixed stars. 
This lumir »bject may range in intensity 
from barely visible to a brightness rivaling 
that of th itself. The popular name for 
it is "shooting star." Actually, what the 
Observer is not a far-off star in motion, 
but a phe enon that takes place in the 
earth’s atmosphere. It occurs when a 


swiftly moving body from outer space 
penetrates the atmosphere and becomes so 
heated from air resistance that it begins to 
glow. 

The process by which it becomes lumi- 
nous involves at least two distinct stages. 
First, there is an invisible stage, high up in 
the rarefied outer atmosphere. The scant 
molecules of air strike the surface of the 


invading mass like sleet beating violently 
against the nose of a speeding jet liner. 
Atoms are then ejected from the surface of 
the mass, which begins to melt and even to 
vaporize. Chiefly because of these vapor- 
ization effects, the outer layers of the in- 
vading body are transformed into a sort of 
miniature atmosphere which surrounds the 
body and substantially increases its size. 

. This ever-enlarging complex of solid, 
liquid, and gaseous matter now penetrates 
the atmospheric layers nearer the surface of 
the earth and enters a second stage. A vast- 
ly increasing number of collisions take 
Place with the more and more numerous air 
Molecules in the lower atmosphere. The 
energy of motion of the invading body is 
transformed into other forms of energy, in- 


American Museum — Hayden Planetarium 
A brilliant meteor seen in Czechoslovakia. The 
meteorite may disintegrate while travelling through 
the atmosphere or upon impact with the earth. 
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Great Meteor Crater near Winslow, Arizona. This large depression h: 


Department of Touris: 


ognized as a meteorite crater since the beginning of the 20th centu 


cluding radiant energy. This may take the 
form of visible light. It is then that the swift- 
ly moving complex becomes visible to the 
observer on earth as a "shooting star.” 

The object from outer space may be 
millions or even thousands of millions of 
years old before it strikes our atmosphere. 
But the luminous phenomenon it produces 
is fleeting. It lasts for only a fraction of a 
second in most cases, and only rarely ex- 
ceeds a small fraction of a minute. 

In this article, we shall apply the name 
meteorite to any natural solid body that 
originates in outer Space and reaches the 
earth's surface without completely burning 
up. We shall use the term meteor to refer to 
those bodies that vaporize when they reach 
the earth's atmosphere. They appear as 
"shooting stars.” 

Meteorites provide us with Specimens 
of objects populating outer space. From 
these specimens, we can determine directly 
the composition of matter existing beyond 
the earth and moon, We can also draw con- 
clusions about the conditions under which 
this matter Originated and evolved and 
about the time when it came into being. 


SIZES OF METEORITES 


According to recent estimates, 10,000 


every day. Most of these bodies are ex- 
ceedingly small—so tiny that they are not 
particularly affected by their passage 
through the atmosphere. Eventually, these 
particles drift down to the surface of the 
earth, almost or quite unaltered. Their long- 
est dimension is not more than one-one 
hundredth of a centimeter. As these parti- 
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of Arizona 
een rec- 
cles pass through the outer atm "sphere, 
they can be collected by special devices 
installed on artificial satellites. These al- 
most imperceptibly small specks arc known 
as micrometeorites, or “tiny meteorites.” 
Next in size are the meteorites w itha 
maximum dimension of about one centime- 
ter. They make up the great majority of the 
objects that give rise to glowing light as 
they pass through the atmosphere 
Larger meteorites enter the atn osphere 
less frequently, but when they do they pro- 
duce brighter streaks. And as the light 


effects become increasingly spe tacular, 
Sound effects start to occur. Meteorites 
weighing 4.5 kilograms or more are not 
completely destroyed by the rigors of é 
spheric travel, and small but reco: 
portions reach the surface of the carth. The 
light and sound effects produced by a mete- 
orite of this size as it traverses the atmo- 
sphere range from the merely startling to 
the terrifying. The passage of large meteor- 
ites may produce an ultrabrilliant fireball 
and violent shock waves underneath the 
line of flight. At the moment of impact, 
high-speed “meteoritic shrapnel” has been 
observed to cut off tree branches as 
smoothly as would a sharp axe. Meteorites 
have cleanly perforated sheets of hard, brit- 
tle material, such as roof slate, without 
cracking them. They have punched holes 
through layers of pond- and sea-ice and 
through the metal roofs of automobiles. 


SPECTACULAR FALLS 
In the late 1940's there were two spec- 


tacular meteorite falls. On the morning of 
February 12, 1947, a solid metallic meteor- 


Royal Canadian Air Force 
Deep Bay Crater in Saskatchewan, Canada, is 
about 12 kilometers in diameter. This large depres- 
sion was probably formed when a huge mass col- 
lided with earth 


ite suddenly shattered and fell as a “shower 
of iron" in the Ussuri taiga, northeast of 
Vladivostok, in the Soviet Union. More 
than 120 craters — some large enough to 
hold a two-story house — were created. One 
of the recovered masses, weighing 1,745 
kilograms, is the largest meteorite of wit- 
nessed fall so far recovered in the world. It 
is estimated that the Ussuri meteorite, 
known in the Soviet Union as the Sikhote- 
Alin meteorite, had a mass in excess of one 
hundred metric tons before it encountered 
the earth's atmosphere. 

On the afternoon of February 18, 
1948, a stony meteorite was seen to fall by 
tens of thousands of persons in Kansas, 
Nebraska, and adjoining states. The main 
mass of this fall, now known as the Furnas 
County stone, weighs more than one metric 
ton and is the largest stony meteorite so far 
recovered in the world. By the most conser- 
Vative estimate, the total mass of the origi- 
nal meteorite before it struck the atmo- 
Sphere must have exceeded 10 metric tons. 

One other incident may have been the 
Tesult of the fall of a meteorite many times 
larger than the Ussuri or Furnas County 
falls. On June 30, 1908 a fireball blazed 
across the sky in the Tunguska region of 
Siberia. Extremely violent airwaves (re- 
Corded all around the world) and earth 
tremors followed the meteorite’s impact. In 
the central region of fall, the pressure effect 
blew down more than eighty million trees. 
The heat developed was so intense that 


tree trunks and the carcasses of reindeer 
killed by the blast were charred. 

No meteorites have ever been re- 
covered from this area. This almost incred- 
ible fact has led many scientists to question 
if the event was really caused by a meteor- 
ite. Numerous theories have been de- 
veloped—some quite fanciful—but the 
mystery remains. 

Only a few of all the meteorites so far 
recovered in the world measure up to the 
Ussuri and Furnas County meteorites that 
fell to earth within a year of each other. 
Such massive meteorites include a huge 
iron of perhaps 70 metric tons weight near 
Hoba, South West Africa; the 30 metric 
ton iron meteorite Ahnighito brought back 
from Greenland by the American explorer 
Robert Peary; and the Bacubirito iron of 
about 27 metric tons —a tremendous speci- 
men from Mexico. 


CALLING CARDS — CRATERS 


Apparently, meteorites much larger 
than the original Ussuri mass would be 
almost completely destroyed upon striking 
the earth's surface. Experiments have 
shown that when a missile strikes a target at 
comparatively low speeds, the impact re- 
sults in a narrow but fairly deep penetration 
funnel. At considerably higher impact 
speeds, the depth of the basin gouged out 
by the missile is not so great, but the in- 
crease in width more than offsets the de- 
crease in depth. At even higher speeds the 
projectile and a considerable part of the 
target are volatilized. The resulting basin 
becomes a true explosion crater. Although 
it is relatively shallow, its volume is supris- 
ingly large compared to the size of the pro- 
jectile that created it. 

Let us apply these findings to meteor- 
ites. If a meteorite were large enough so 
that it would be slowed down but little by 
the tenuous atmospheric shield, it would 
plunge into its target on the surface of the 
earth at a speed of from several kilometers 
to scores of kilometers per second. Both 
the meteorite and its target on earth would 
vaporize with frightful rapidity. The result 
would be an explosion of the most cata- 
strophic violence. The explosion crater 
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thus blasted out of the face of the earth 
would be vast in size, dwarfing even the 
biggest of the Ussuri craters, The name 
"megameteorites" ("giant meteorites”) has 
been proposed for meteorites capable of 
producing such effects. 


This 30-metric-ton 


meteorite ! Green- 
land is one of the larg- 
est ever found 
American Museum of Natural History 
NEAR MISSES 
Even these megameteorites would, 
however, be dwarfed by the colossal mete- 
orites known as minor planets, planetoids, 
or asteroids. Most asteroids orbit the sun 
between the paths of Mars and Jupiter, but 


We would expect that “calling cards” 
in the form of vast craters would remain, 
providing evidence that a megameteorite 
had plunged into the earth. As a matter of 
fact, such evidence became available years 
ago when it was discovered that the vast 
craters at Canyon Diablo, Arizona, and 
Odessa, Texas, resulted from the explosive 
action of meteorites. The Canyon Diablo 
meteorite crater was identified as such in 
1905. It has a circumference of nearly five 
kilometers and once was nearly 400 meters 
deep. The meteorite that blew out this vast 
hole in the earth had a mass estimated at 
between 2,300,000 and 7,000,000 metric 
tons. Geological evidence indicates that 
this huge meteorite came to earth more 
than 50,000 years ago. The meteorite ex- 
plosion crater at Odessa, with a diameter of 
more than 150 meters was identified in 
1929, It was probably produced over 
200,000 years ago. In comparison with the 
huge craters at Canyon Diablo and Odessa, 
the Ussuri craters are quite insignificant. 


METEORITES AND METEORS 


some have orbits that bring them much 
closer to the earth. Already these minor 
planets have scored near misses with the 
earth. In 1936, the minor planet Adonis 
passed the earth at a distance of only 
1,500,000 kilometers. The next year, an- 
other minor planet, Hermes, came still 
closer to the earth, approaching to within 
800,000 kilometers. 

It seems probable that some of the 
very numerous minor planets weighing no 
more than a few hundred million metric 
tons or a few thousand million metric tons 
have actually scored direct hits on earth 
during the long geologic past. 


CLASSIFICATION OF METEORITES 


The regions around meteorite craters 
are rich sources of meteoritic materials. 
Many metric tons of meteorites have been 
removed from the large crater areas. Lump- 
ing together all kinds of meteorites, we find 
that the following ten elements make uP 


more than 99 per cent (by weight) of meteo- 
ritic material: 


Element Percentage by Weight 
Oxygen 34.6 
Iron 25.6 
Silicon 17.8 
Magnesium 13.9 
Sulfur 2.0 
Calcium 1.6 
Nickel 1.4 
Aluminum 1.4 
Sodium 0.7 
Phosphorus 0.16 
99.16 
Other rare minerals and some naturally 
created isotopes have also been found. All 
meteorites universally recognized as such 


have generally been placed in one or the 
other of the three following groups: (1) 
irons, or siderites; (2) stones, or aerolites; 
and (3) stony irons, or siderolites. 

Irons, or siderites, are about 91 per 
cent iron and 8.5 per cent nickel, on the 
average. They also contain cobalt, phos- 
phorus, and minute quantities of other ele- 
ments. 

Stones, or aerolites, contain, on the 
average, 4| per cent oxygen, 21 per cent 
Silicon, 15.5 per cent iron, 14.3 per cent 
magnesium, and smaller percentages of 
other elements. The aerolites are much less 
dense than the irons and are much more 
fragile. Consequently, they disintegrate 
more or less completely on their way 
through the resisting atmosphere and fall in 
widely scattered showers of small masses, 
only a few of which are recovered. Aerolite 
falls have been observed about 10 times 
more frequently than iron meteorite falls. 

Stony irons, or siderolites, show char- 
acteristics of both the iron and the stony 
meteorites. Stony irons are much less 
common in collections than either siderites 
oraerolites and less is known about them. 

Some scientists believe that we should 
Set up a fourth division, that of the wholly 
glassy objects called tektites. Tektites re- 
semble weathered pebbles of glassy rock. 
They are found principally along three great 
Circles, or paths around the earth's sphere. 


The meteoritic origin of tektites is not firm- 
ly established, but some scientists believe 
that tektites are the products of collisions 
between the earth and orbiting meteorites. 


CARRIERS OF LIFE? 


There was once wide acceptance of the 
theory that meteorites carry living spores 
and thus serve to propagate life in different 
parts of the universe. Today this theory is 
no longer held by experts. However, some 
authorities believe that meteorites may 
contain nonliving evidence of organisms 
that once lived far beyond the earth. 

Organic, or carbon-containing, com- 
pounds have been found in meteorites, of- 
ten in highly organized complexes that re- 
semble cells. Although some scientists 
believe that this is strong evidence of other 
life in the universe, these complexes can 
be explained by other hypotheses. 

Over a long period of time they could 
have formed in space, where the compo- 
nent elements —carbon, hydrogen, nitro- 
gen, and oxygen —are known to exist. They 
could also result from contamination by 
earthly organisms. These contaminants — 
the cell-like complexes—could have en- 
tered the meteorite as it passed through our 
atmosphere, or as it rested on the ground, 


AGES OF METEORITES 


Methods comparable to those used in 
calculating the ages of selected earth rocks 
have been used to determine the age of 
various meteorites. Some of the results 
indicate the time that has elapsed since the 
meteorites solidified. In other cases, the 
ages deduced are exposure ages: that is, 
measures of the length of time the test- 
specimens were exposed to cosmic radia- 
tion in space. Some meteorites are reported 
to be less than 75,000,000 years old. The 
ages of others may be billions of years old. 
According to one estimate, the meteorite 
from Mount Ayliff, South Africa, is nearly 
7,000,000,000 years older than the earth 
or the sun. 


METEOR SHOWERS 


Unlike unpredictable meteorite falls, 
some groups of meteors appear at more or 
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SOME WELL-KNOWN METEOR SHOWERS 


NAME OF DATE OF AVERAGE REMARKS 
METEOR MAXIMUM VISUAL 
SHOWER SHOWER HOURLY RATE 
ACTIVITY (AT MAXIMUM) 
i - - Annual shower. Medium-speec meteors. 
Quaarantias sangan aie Parent comet: perhaps  Korik-Peltier 
(1939 I). 
i i -60 Annual shower. Swiftly moving streaks. Pa- 
apas Aprii zi s rent comet: Thatcher's (1861 
l- i = 10-35 Annual shower. Well visible in iow latitudes. 
eis Qusrioe Mey ace 9 Parent comet: probably Halley 
i-i i 28 2-15 Annual shower. Meteors slow, with long 
Delta-Aquarids July dert 
ieti -— Daylight meteor stream. Apparently con- 
vers bx ected with Delta-Aquarids and produced 
by same extended meteor stream Hourly 
rate based on radio-echo observations: 

10-60. 

i A t 10-17 35-70 Annual shower. Swiftly moving meteors. 
Mice nons Parent comet: Swift-Tuttle (1862 Ill). 
Giacobinids (or October 9 Very low to Periodic shower. Meteors often character- 

Nu-Draconids) 6,000 or more ized by bright terminal bu Parent 

comet: Giacobini-Zinner. 62-year period. 

Orionids October 20-23 5-20 Annual shower. Swiftly moving meteors. 
Parent comet: very probably H . 

Taurids November 3-10 5-20 Annual shower. Slow meteors; some fire- 


Beta-Taurids June 30-July 2 -- 


balls. Parent comet: Encke's 


Daylight meteor stream. Identified 
mer daytime return of Novembe 
Stream. Parent comet: Encke's. Hourly rate 
based on radio-echo observations: 10 -25. 


Leonids November 16-17 Very low to Periodic shower. Very swiftly moving mete- 
30,0000rmore ^ ors. Parent comet: Tempel-Tuttle (1866 |). 
33-year period. 
Bielids ' November 27- Very low to Erratic shower. Parent comet: Biela's 
(Andromedids) December 4 100- 400 
Geminids December 12-13 40-60 Annual shower. Medium-speed meteors. 
Ursids December 22 20- 100 New erratic annual shower. Parent comet: 


less regularly spaced intervals. The re- 
sulting displays are called meteor showers. 
The frequency of meteoric appearance in a 
shower at the period of maximum activity 
varies greatly. There may be as few as five 
or even less an hour, and the maximum usu- 
ally does not exceed 75 or so. Sometimes, 
however, the rate of appearance is very 
much greater: thousands of meteors may 
be observed in the course of an hour. It is 
estimated, for example, that some 35 ,000 or 
so meteors fell in an hour during the Leonid 
meteor shower of November 1833. This 
Spectacular display, which constituted a 
veritable meteoric cloudburst, terrified al- 
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probably Tuttle's (1939k). 


most everyone who saw it. Other spectac- 
ular meteor showers included the Giaco- 
binid showers in October 1933 and 1946 
and the Leonid shower in the early morning 
of November 17, 1966. 

In some cases, meteor showers are 
named after comets. Thus the Giacobinids 
are named after the Giacobini-Zinner 
comet; the Bielids, after Biela’s comet. 
Generally, however, the constellation in 
which the radiant, or visible path, of a 
meteor shower is situated determines the 
name given to the shower. - 

It has often been found that the orbits 
of meteor showers correspond to those of 


Tektites may have formed 
from rocks which were 
melted whe struck by 
large meteo 


known comets, and authorities generally 
consider, therefore, that the showers repre- 
sent debris from existing comets. 


"NOW YOU SEE THEM...” 


The study of meteors is important. 
Fortunately, the ability of the human eye to 
detect even rapidly moving luminous ob- 
Jects has permitted effective visual obser- 
vation of meteors from the earliest times. 
Properly organized, such visual work 
allows fairly accurate determination of the 
atmospheric trajectories of meteors. On 
occasion, it has pinpointed areas in which 
Successful searches for meteorite fragments 
were later made. 

With the gradual improvement of 
photographic techniques in the early 20th 
century, the photographic recording of me- 
teors finally began to provide worthwhile 
Tesults. Later, radar techniques were adop- 
ted. Radio signals are sent out into space 
and are reflected back to earth from the ion- 
ized gases formed as the meteor passes 
through the atmosphere. They are then re- 
E iM in a receiver. Thus it becomes pos- 
ible to detect meteors whether they appear 
at night or during the daytime. 

Determination of the real path that 
Meteors follow through the earth's atmo- 


Betty Jane Harbour 


sphere enables us to find their velocity. 
Then we can determine the nature of the 
orbit in which the parent body moves. 

Through the study of the real paths 
meteors follow through the earth's atmos- 
phere, we can estimate the speeds with 
which these objects move around the sun 
before they crash into the atmosphere and 
are observed as meteors. Once we know 
the heliocentric, or sun-centered, velocity 
of one of these bodies, we can determine 
whether or not it is a member of the solar 
system. If its velocity at the earth's dis- 
tance from the sun is less than 42 kilo- 
meters a second (approximately), then the 
object is a member of the solar system. It 
moves about the sun in a closed elliptical 
orbit. If, on the contrary, the heliocentric 
velocity of the body exceeds 42 kilometers 
a second, its orbit about the sun is an open 
curve, and the body is not a member of the 
solar system. If it had not collided with the 
earth, it would have been only a transient 
visitor from interstellar space. Twenty four 
percent of all meteors sighted are not 
members of our solar system. 

How did both solar system and non- 
solar system meteorites originate? Final 
solutions to this and other problems of 
meteorite study are still being studied. 
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THE CALENDAR 


by Elisabeth Achelis 


If we asked the average person to 
name the things that are most essential in 
the daily round of his activities, the chances 
are that he would not include the calendar 
among them. Yet in every civilized age, 
ancient and modern, the calendar has been 
indispensable. 

The calendar of today is the product of 
à great many centuries of patient study and 
of constant trial and error. When people 
first looked to heavenly bodies for a way to 
measure time, they observed that the sun 
seemed to make a constantly repeated jour- 
ney in the heavens, always returning to the 
same place after many days. (Actually, of 
course, it is the earth that makes a yearly 
revolution around the sun.) 

They observed that the moon also 
went through a cycle, 

Most of the earliest calendars were 
based on moon cycles. These calendars 
were made to fit as best they could within 
the larger framework of the sun cycle. The 
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year, in these calendars, generally consisted 


of twelve moon cycles, or months. Since 
twelve moon cycles are not quite equal toa 
solar year, an extra month — called an inter- 
calary, or inserted, month — was added from 
time to time. A number of ancient peo- 
ples, including the Babylonians, Hebrews, 
Greeks, and Romans, adopted this method 
of computation. 


FIRST SOLAR CALENDAR 


The Egyptians were the first to base 
their calendar on the sun cycle and to make 
the month a purely arbitrary unit, not corre- 
Sponding to the actual lunar cycle. They 
worked out a year of 360 days, with 12 
months of 30 days each. Since, according to 
their reckoning, it took 365 days for the sun 
to complete its journey in the heavens, they 
added 5 days to the end of the 360-day 
year. These added days were “feast days. 
The Egyptian priests were entrusted with 
the task of arranging for them. 


j. 1980 Used by per 
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This Egyptian 365-day calendar was 
adopted in the year 4236 B.c., according to 
the reckoning of the U.S. archaeologist 
James Henry Breasted. According to 
Breasted, it was the "earliest known and 
practically convenient calendar of 365 


days." As for the year 4236 B.c., it marked 
"not only the earliest fixed date in history 
but also the earliest date in the intellectual 
history of mankind." 

In the course of the centuries that fol- 
lowed, it was discovered that the year real- 
ly consisted of 3651/4 days. This additional 
quarter of a day was causing a gradual shift 
of the seasons as recorded in the calendar. 
In 238 s.c. the pharaoh Ptolemy III, also 
known to history as Euergetes I, tried to 
correct this error in calculation by adding 
another day to the calendar every four 
years. It was to be a religious holiday, but 
unfortunately, the priests were unwilling to 
accept the extra day. As a result the Egyp- 
tian calendar continued to be defective as 
à measure of the seasons. 


THE MAYAN CALENDAR 
Another seasonal sun calendar that 
Was used in antiquity was that of the Mayas 


of Mexico. It probably goes back to the 
Year 580 n.c. It was the first seasonal and 
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agricultural calendar in America. 

The Mayan calendar was arranged dif- 
ferently from that of the Egyptians. Their 
solar year, called a tun, had 18 months of 
20 days. It had a five-day unlucky period at 
its end to make 365 days. Each month had 
its own name, and the days were numbered 
from 0 to 19. 

Dovetailed with the Mayan sun calen- 
dar was a religious year, sometimes called 
a tzolkin. The tzolkin contained 13 months 
of 20 days. Each day had a name that was 
combined with the numbers | to 13 to 
count out the 260 days of the rzolkin. 


THE JULIAN CALENDAR 


The Egyptian sun calendar was most 
carefully guarded by rulers and priests and 
consequently remained unknown to the 
outside world for more than thirty centu- 
ries. Only during Julius Caesar's stay in 
Egypt did he learn of this calendar, which 
was immensely superior in every respect to 
the one used in Rome. 

The ancient Romans had a moon cal- 
endar. It was complicated and most confus- 
ing. There were 12 months; a thirteenth 
month, called Mercedonius, was occasion- 
ally inserted in a haphazard way. The 12 
months of the Roman year consisted of 7 
months of 29 days each, 4 months of 31 
days each, and one month, Februarius 
(February) with 28 days, making a year of 
355 days. The names of the 12 months of 
the Roman year were as follows: 


Name of month Origin of name 


Martius Month of Mars 
Aprilis “Opening” month, 
when the earth 
opens to produce 
new fruits 
Maius Month of the great 
god Jupiter 
Junius Month of the Junii, 
a Roman clan 
Quintilis Fifth month 
Sextilis Sixth month 
September Seventh month 
October Eighth month 
November Ninth month 
December Tenth month 
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Januarius Month of the god 
Janus 
Februarius Month of the Februa, 


a purification 
feast 


In 153 B.C., January was designated as the 
first month of the year instead of Martius. 

The Romans used a complicated sys- 
tem of reckoning within the month. There 
were three more-or-less fixed dates —the 
calends, the ides, and the nones. The cal- 
ends always fell on the Ist of the month. 
The ides came on the 15th in Martius, 
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Maius, Sextilis, and October and on the 
13th in other months. The nones always 
came on the 8th day before the ides. In des- 
ignating a particular day of the month, 
Romans always reckoned backward from 
the calends, the ides, or the nones, as the 
case might be. 

The calendar was entrusted to a coun- 
cil of priests —the College of Pontiffs, pre- 
sided over by a pontifex maximus. The pon- 
tiffs were state officials charged with the 
regulation of certain religious matters, in- 
cluding the fixing of dates for ceremonies 
and feast days. 


Caes was elected pontifex maximus 


in 63 B.C it it was not until 47 B.c. that he 
took the t steps to reform the calendar. 
Followin e suggestions of the famous 
Greek ronomer  Sosigenes, Caesar 
adopted the solar year for the Roman cal- 
endar. H ve it 365 days, plus a quarter- 
day of six hours. Quarter-days were with- 
held unti ull day had accumulated. The 
day was added to the common year as 
a leap-y lay. This happened once every 
four yea: 

Thé ir B.C. bridged the old and 
the new lendar. The following year, 
45 B.C actually the first one using the 
reforme« lendar. Caesar retained the 
complicated system of calends, nones, and 
ides within the months. January continued 
to be the first month of the year. The Ro- 
man Se: changed the name of the month 
Quintilis to Julius (our July) in honor of 
Caesar. The new calendar was known as 
the Julian calendar. Later, the Roman 


Senate changed the name of the month 
Sextilis to Augustus (August) to honor the 
Emperor Augustus. 


THE SEVEN-DAY WEEK 


_ dn 321 A.D. the Emperor Constantine 
issued an edict introducing the seven-day 


A 16th century Florentine 
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week in the calendar, doing away once and 
for all with the system of calends, ides, and 
nones. Constantine established Sunday as 
the first day of the week and set it aside as 
the Christian day of worship. 

Although the introduction of the week 
greatly simplified matters, it brought about 
a serious defect in the calendar, which is 
still present today. Both the Egyptian and 
Julian calendars had been stabilized. That 
is, every year had been like every other 
year. Through Constantine’s reform the 
Julian calendar became a shifting one. Now 
that there were 52 seven-day weeks, total- 
ing 364 days, there was always one day 
left over in ordinary years and 2 days in 
leap years. This meant that in successive 
years, the Julian calendar began on different 
days of the week. 


THE GREGORIAN CALENDAR 


The true length of the solar year is a 
trifle less than 3654/4 days. It is 365.242199 
days, or 365 days, 5 hours, 48 minutes, and 
46 seconds, to be exact. Therefore the 
Julian calendar was too long by about 11 
minutes. After a number of centuries the 
error amounted to several days. 

In the year 1582 another momentous 
calendar reform took place. Pope Gregory 
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This beautiful Italian Renaissance calendar has both 
a sun- and moon-based system to measure time. 


XIII determined to adjust the calendar to 
the seasons. For this purpose he called 
upon the services of the mathematician 
Christopher Clavius and the astronomer- 
physician Aloysius Lilius. They found that 
the error caused by the excessive length of 
the Julian calendar amounted to ten days. 
To set the year aright, they canceled ten 
days from the Julian calendar, so that Oc- 
tober 4, 1582, was followed by October 15. 
This was how the month looked on the 
calendar: 


1582 OCTOBER 1582 

SUN MON TUE WED THUR FRI SAT 

1 2 3 aAa 15. 16 

Ih ASS IT 20 Zi 22-23 

24071595 282698307 28.7.29 30 
31 


Naturally this loss of ten days in the 
month of October created a certain amount 
of confusion. To avoid confusion, dates 
prior to October 15, 1582, were often given 
thereafter (and are still often given) as O.S. 
(old style) and dates after as N.S. (new 
style). If neither O.S. nor N.S. is given 
after a date, it's assumed to be N.S. 

To avoid further error in the calendar, 
the leap-year rule was changed. In the case 
of centurial years (those ending in “00”), 
only the ones that were divisible by 400 
were to be leap years. Noncenturial leap 
years continued to receive an extra day. 
No attempt was made to equalize the 

lengths of the months or to stabilize the 
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calendar. This Gregorian calendar is the 
one that we use today. 

All Roman Catholic countries adopted 
the Gregorian reform, but other groups in 
Christendom were slow in accepting it. The 


English did not adopt the Gregorian calen- 
dar until 1752. France, like the other Cath- 
olic countries of Europe, had »pted the 
Gregorian calendar in 1582, but for a pe- 
riod from 1792 it was replaced by the 
“Revolutionary Calendar." In line with 
other anti-religious developm: of the 
time, the days and months of this calen- 
dar were given symbolic names, such as 
“Brumaire” ("month of fog"), denoting 
the "natural" order of thing n 1806 
Napoleon restored the Gregorian calendar 
as a gesture of reconciliation toward the 
Church. 

Japan adopted the Gregorian calendar 
in 1873, China in 1912, Greece in 1924, 


and Turkey in 1927. Russia began to use 


the calendar in 1918, replaced it by another 
calendar when the Bolsheviks took over the 
country, and returned to the Gregorian cal- 
endar in 1940. 
OTHER CALENDARS IN USE 

The Gregorian calendar is not the only 


one used at the present time. For religious 
purposes Jews employ the Hebrew calen- 
dar, which begins with the year of creation, 
set at 3,760 years before the beginning of 
the Christian Era. This calendar is based on 


Detail of an Aztec ritual calendar used by the Aztec 
Priests to plan ceremonies and foretell favorable 
and unfavorable days. 
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the cycles of the moon. There are 12 
months, which are alternately 29 and 30 
days in length. An extra month of 29 days is 
intercalated 7 times in every cycle of 19 


years. Whenever this is done, one of the 


29-day months receives an extra day. The 
year begins in the autumn. 
Another important calendar is the Is- 


lamic, or Moslem, calendar. It also is based 
on the cycles of the moon. There are 354 
days and 12 months, half of which have 
29 days and the other half 30. Thirty years 
form a cycle; 11 times in every cycle an 
extra day is added at the end of the year. 
The Moslem calendar begins with the first 
day of the year of the Hegira— that is, the 
journey of Mohammed to Medina. This 
date corresponds to July 15, 622, of the 
Christian Era. 

. Although the Gregorian calendar is 
China's official calendar, the Chinese New 
Year is still calculated by the ancient Chi- 
nese lunar calendar. The months of this 
lunar calendar are popularly known by the 
names of the 12 animals of the Chinese 
Zodiac: rat, ox, tiger, hare, dragon, serpent, 
ae, sheep, monkey, rooster, dog, and 

ar. 


MODERN CALENDAR REFORM 


The Gregorian calendar has served 
People well for almost four centuries. Yet 
Some thoughtful people have tried to bring 
about reforms that would restore stability 
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to the calendar within the framework of 
the seasonal year. 

In 1834, Abbé Marco Mastrofini put 
forward a plan in which every year would 
be the same and the lost stability of the 
calendar would be restored. In his calen- 
dar, there were 364 days in the year—a 
number easily divisible in various ways. 
The 365th day and the 366th in leap years 
were inserted as extra days within the year. 
Each year would begin on Sunday, Jan- 
uary l. The abbé's idea was so simple 
that most modern calendar reformers have 
made it the basis of their own proposals. 

Calendar reform lagged until the 
League of Nations took up the question in 
1923. One proposal, the World Calendar, 
based on the easily divisible number 12, 
once seemed particularly promising. In 
this calendar, each equal quarter year of 
9] days, or 13 weeks or 3 months, corre- 
sponds to a season period. Every year in 
this calendar is like every other year. The 
first of every year, for example, falls on a 
Sunday; Christmas, December 25, falls on 
a Monday. To provide the necessary 365th 
day, a day —known as Worldsday —is in- 
serted after December 30 and before Jan- 
uary 1. The 366th day in leap years is in- 
serted between June 30 and July 1. The 
Gregorian four-hundred centurial leap-year 
rule is retained. The idea was not, however, 
adopted and it has met with scant success 
in the years since. 
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X-RAY ASTRONOMY 


by F. R. Harnden, Jr. 


Most of us have seen an X-ray pic- 
ture — perhaps one showing a broken bone. 
Many of us also think it would be exciting 
to have X-ray vision and be able to see in- 
side all sorts of things. A new field of as- 
tronomy — X-ray astronomy —has inspired 
that kind of excitement. It doesn't look in- 
side things. But it is providing a fascinating 
new perspective on objects in the sky. 

X-ray astronomy examines the skies in 
à new way. It studies something that is in- 
visible to the eye—X rays. This new way 
of "looking" at the skies has brought into 
focus a violent and turbulent universe. It is 
à realm inhabited by hot young stars, by 
exploding galaxies, and perhaps even by 
black holes. 

The recent development of this new 
branch of astronomy has been made possi- 
ble by the space age. It is now possible, 
through the use of rockets and satellites, 
to observe things in space that cannot be 
studied from the earth's surface. 


WHAT ARE X RAYS? 


X rays are like light rays. Both are 
forms of radiation that travel in straight 
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g 
X rays can be produced by actions among 


atoms and by other processes 
DETECTING X RAYS 


X rays cannot travel through air as 
well as light rays do. This is because X rays 
ionize the atoms that make up the air. (An 
ionized atom is one that has lost or gained 
electrons.) When this ionization occurs the 
X rays are stopped. This means that X rays 
coming toward earth from space don’t trav- 
el very far into the atmosphere. The blanket 
of air surrounding the earth blocks them. 
It also protects us from the radiation, which 
would be very harmful to life. Indeed, be- 
cause X rays from space never reach the 
ground, they can only be observed from 
very high altitudes, above all or at least 
most of the atmosphere. s 

In the late 1940's scientists fitted 


rockets with crude X-ray detectors and 
shot them straight up. During the brief 


moments when the rockets were at their 
highest points, the special instruments de- 
tected X rays coming from the sun. 


For nearly 15 years the sun was the 


only objec! bright enough to be observed. 
But by ? better X-ray detectors and 
improved rockets had been developed. In 
1962 à ket detected a strange X ray- 
emitting object in the constellation Scor- 
pius. For the first time, X rays from out- 
side the solar system had been discovered, 
and X-ray astronomy was born. 

The decade following the discovery of 
X rays n space saw tremendous activ- 
ity. Rockets shot up to map the X-ray sky. 


So did high-altitude unpiloted research bal- 


loons. Many X-ray sources in our Milky 
Way galaxy and a few outside our galaxy 
were discovered. 

It was an exciting time for X-ray as- 
tronomers. Nearly every observation 
meant the discovery of something new. 
This new-fangled branch of astronomy 
needed weeks and months of painstaking 
effort to build delicate instruments. These 
would then be rocketed into the air, only to 
come crashing back to earth a few minutes 


later. But if the experiment worked prop- 
erly, the few minutes of observation were 
well worth the months of work. 

_ Finally, in 1970, the first satellite de- 
Signed to study X-ray emissions was 
launched. Named Uhuru, this satellite 
carried a simple scanning device that could 
tell bright from dark X-ray areas. Uhuru, 
however, could not really "see." The early 
instruments used in X-ray astronomy were 
like the light meters used by photographers. 
They could tell whether a patch of the sky 
was dim or bright in X rays, but they could 
not take pictures. 

Then scientists learned how to convert 
X rays to visible light. They learned how 
to make X-ray pictures. With this advance 
X-ray astronomy took a giant leap forward. 


MAKING AN X-RAY PICTURE 


. The first step in making X-ray pictures 
is to focus the X rays from space into an 
image. The lenses and mirrors used in an 


optical telescope to focus light rays from 
space cannot be used to focus X rays. The 
X rays are simply absorbed by or sink into 
the lens or mirror. 

A clever "trick," however, can be 
used to make a mirror focus X rays. Much 
as a stone can be made to skip across the 
surface of a pond, so can X rays be made to 
bounce off a mirror if they hit it at just the 
right angle. This system requires two very 
smooth mirrors that have been made in pre- 
cise shapes. It focuses X rays of a certain 
wavelength very well. 

The second step in making X-ray pic- 
tures is to turn the radiation into an elec- 
tronic signal. One good way of doing this is 
to use a device known as a proportional 
counter. This device counts individual 
X rays. Each count produces a signal. The 
strength of the signal is proportional to the 
wavelength of the X ray that produced it. 
The signals are then fed to electronic de- 
vices that change them into a type of nu- 
meric code. 

The final step in making X rays visible 
is to decode these signals. A computer con- 
nected to a color television system provides 
a good decoding system. 

The X-ray image begins as a pattern of 
X rays in the telescope. It ends up as the 
same pattern translated into visible light 
by the television screen. The computer can 
also be programmed to change the colors 
used. Doing this enhances the contrast or 
highlights certain features of the image. 


THE EINSTEIN OBSERVATORY 


The first telescope capable of taking 
X-ray pictures of the stars was launched in 
1978. It was part of the U.S. National 
Aeronautics and Space Administration 
(NASA) High Energy Astronomy Obser- 
vatory (HEAO) program. The telescope 
and it satellite were the second in the 
program — HEAO-2 — and were named the 
Einstein X-Ray Observatory. 

The Einstein telescope consisted of an 
X-ray mirror like the one described above, 
two X-ray cameras, and two devices to 
analyze the component wavelengths in an 
X-ray picture. The telescope and space- 
craft were controlled during nearly two and 
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The Einstein Observatory 
(above) is one of NASA's 
most advanced scientific 
spacecraft. Its spectrome- 
ters provide a wealth of in- 
formation on the energy of 
the X-ray sky. The diagram at 
right shows how an X-ray 
telescope works. When X 
rays are reflected from spe- 
cially-angled surfaces, the 
rays come to a focus. 


surfaces 


X-rays 


one-half years of operation by on-board 
computers and by radio commands from a 
ground-based control center. F rom its orbit 
some 500 kilometers above the surface of 
the earth, the observatory each day re- 
corded X-ray emissions from ten or twelve 
regions of the sky, It detected many thou- 
sands of X-ray Sources, some 1,000 times 
fainter than any previously observed. 


X-RAY EMITTERS 


The first questions asked by X-ray 
astronomers were: Is there anything out 
there besides the sun to get excited about? 
If so, what is it? Where is it? How does it 
make X rays? Then astronomers began to 
realize first that there were dozens and then 
that there were hundreds and even thou- 
sands of X-ray objects. It became obvious 
that there must be many different answers 
to how X rays are made and what it is that 
makes them. 
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X-ray emitters, they found, include 
normal stars, young and old; neutron stars 
and black holes; galaxies; quasars; and 
clusters of galaxies. 

Normal Stars, Young and Old. For dec- 
ades astronomers have known that the sun 
is a rather ordinary star. There are many 
Stars in the sky with properties like our sun. 
But the fact that X rays were first detected 
from the sun did not automatically mean 
that we would find X rays coming from 
similar middle-aged stars. The Einstein 
Observatory took pictures of hundreds of 
normal stars. It found that these stars give 
off far more X rays than had been expected. 
It found, in fact, that almost all stars— 
from hot young supergiants to normal stars 
like the sun to tiny dwarf stars—give off 

rays. 

Astronomers believe that many of the 
differences among stars are due to their 
ages. Stars are born out of vast clouds of 


gas. Once they have formed, normal stars 
like the sun may spend billions of years 
shining rather serenely. 


The births and deaths of many stars 


are, however, anything but serene. The 
more massive a star is when born, the more 
turbuler s early evolution can be. Huge 
stars, | ips as much as 100 times as 


heavy as the sun, become very hot as they 


form oi gigantic clouds of gas and dust. 
This int heat makes them strong emit- 
ters of X s. Many pictures of such young 
stars w ;btained with the Einstein tele- 
Scope 

A star reaches the end of its productive 
ife wh nuclear fuel in its interior is 
exhausted. Some stars simply fade away. 
They become ever dimmer as they grow 
cooler and cooler. Others go out with a 
bang. T meet their energy crisis with 
unimaginable violent explosions. The ex- 
plosions can blow apart an entire star, 
spreading the "ashes" of the nuclear fires 
far into space 

It is this violent end of a star's normal 
ife that can be studied particularly well by 


X-ray astronomy. Optical astronomers may 
witness the blast, referring to such an event 
asa supernova. After a few months, though, 
the optical star fades out. It is then that the 
blast wave from the explosion begins to 
heat up the space around the former star. 
This causes X rays to be generated. The 


remnant of the explosion can continue to 
give off X rays for hundreds or thousands 
of years. One beautiful example of this 
type of X-ray object is the Cassiopeia A 
remnant. 

Neutron Stars and Black Holes. Even 
after a star has blown itself to bits, it may 
live on in a kind of "life after death." An 
object known as the Crab Nebula was seen 
by the ancient Chinese astronomers as a 
supernova in the year 1054. Yet an X-ray 
picture taken recently shows a glowing 
region with a bright point near the center. 
The point is thought to be the rapidly spin- 
ning core of the star that exploded 900 
years ago. The part of the star remaining 
after a supernova like this is called a neu- 
tron star. It is called a neutron star because 
the matter left in the star is packed tightly 
by gravity. It then looks like the nucleus of 
a giant atom. Not all supernova explosions 
seem to leave neutron stars at their centers, 
however. For instance, there is no X-ray 
point visible in the center of Cassiopeia A. 
One possible explanation for this is that 
some explosions do succeed in completely 
blowing up the star. There is, however, 
another more interesting possibility. 

Suppose that the part of the star left 
over after an explosion was much bigger 
than that which makes a neutron star. Then 
there would be too much gravity for the 
material to resist shrinking indefinitely un- 


Like blinking rays from a lighthouse beacon, this bright neutron star at the 


center of the Crab Nebula sends out bursts of radiation in beams 
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der its own crushing weight. What would 
happen then would be the formation of an 
object called a black hole. 

The black hole is perhaps the most far- 
fetched object theoretical physicists have 
yet conceived. Nevertheless, X-ray astron- 
omers think they may have found several 
in the skies. The first black hole candidate, 
Cygnus X-1, is an incredibly strong X-ray 
emitter that does not fit into any of the 
known categories of X-ray objects. It does, 
however, show the properties physicists 
associate with black holes. (See “Black 
Holes” on page 240.) 

Galaxies and Quasars. Galaxies are 
groups of billions of individual stars. 
Our own Milky Way galaxy has over 
100,000,000,000 stars in it. As we look 
with optical telescopes beyond our own 
galaxy, we can see that the universe is 
filled with billions of galaxies that differ in 
siz. , shape, and brightness. 

X-ray views of galaxies show a range 
of properties. Nearby galaxies like our 
galactic neighbor, the Great Nebula in 
Andromeda, have dozens of individual X- 
ray stars similar to the ones we've observed 
in our galaxy, Other galaxies, too distant 
for their individual X-ray stars to be seen 
Separately, seem to produce more X rays 
than would be expected from adding up the 
contributions of each X-ray star. Still other 
galaxy-like objects (Seyfert galaxies) gen- 
erate much more X radiation than can be 
explained as coming from individual stars, 
Something that manufactures huge amounts 
of energy must be happening in the centers 
of these objects. 

Quasars also give off X rays. Discov- 
ered through their radio emissions, quasars 
are the most distant Objects known. They 
mark the edge of the visible universe. Near- 
ly every deep exposure taken with the Ein- 
stein telescope showed powerful X ray- 
emitting quasars. They are everywhere. In 
fact, some astronomers now Suspect that 

quasars may produce the X radiation other 
satellites have detected as diffuse back- 

ground radiation. (See "Quasars" on 
page 236.) 

Clusters of Galaxies. Optical studies of 
galaxies have shown that there is a larger 
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scale of structure in the universe, Hun- 
dreds or thousands of galaxies are bunched 
together by gravity into structures called 


clusters of galaxies. We have seen that 
some galaxies emit more X rays than the 
sum of X-ray emissions from their compo- 
nent stars. Some clusters of yalaxies are 
also too bright in X rays to be explained 
by emissions from individ: galaxies. 
Something else is generating the X rays. 

The discovery that clus give off 
more X rays than expected is one of the 
most important discoveries X-ray as- 
tronomy. Many astronomers believe that 
the X rays originate from vast amounts of 
gas hiding in the reaches between the gal- 
axies. The gas, undetectable by any other 
means, emits X rays because it is at ex- 
tremely high temperatures. 

This X ray-emitting gas within clusters 
may be the "missing mass" astronomers 
have long sought. The missing mass can 
provide an answer as to whether the uni- 


verse is closed or open. If there is sufficient 
mass in the universe, the universe will one 
day stop expanding. It will reverse itself 
and come crashing back together. If, on the 
other hand, there is not sufficient mass the 
universe may be open, expanding forever. 


WHAT LIES AHEAD 


X-ray astronomers are looking forward 
to the day when they will be able to make 
observations continuously, as ground- 
based astronomers do. No X-ray satellite 
yet launched has lasted for more than a few 
years. This means that valuable observa- 
tions grind to a halt each time a satellite 
quits working. 

The advent of NASA's space shuttle 
will probably make it possible to maintain 
an observation platform in space indefinite- 
ly. The first such space platform will be the 
Optical Space Telescope. Some years later 
(before 1990, it is hoped) an Advanced 
X-Ray Astronomy Facility will be carried 
into orbit. It will have an enlarged and im- 
Proved version of the Einstein telescope 
and will provide sharper pictures of the 
more distant X-ray objects. Astronomers 
will then be able to find new answers—but 
will inevitably find still newer questions. 
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Huge nebulae are among the most interesting of celestial structures. They are 


believed to 
Nebula in the 


constellation Sagittarius. 


serve as the birthplace of stars. The photo above shows the Lagoon 
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The thousands of millions of stars in 
the heavens are so far away that, with the 
exception of our sun, they are visible only 
as points of light. The sun alone shows a 
distinct disk, and we can make out many 
details of its surface. As a result, astrono- 
mers have been able to learn much more 
about it than about any of the other stars. 
The sun is a typical star, differing from 
most others only in scale. Hence a brief 
survey of its features will help answer the 
question: “What sort of body is a star?” 

_ The sun is a globe of glowing gas. De- 
Spite its apparently sharply defined disk, it 
has no solid surface. Its diameter is about 
109 times the earth’s, and its volume is 
More than a million times that of our planet. 


However, it is much less dense, and its 
mass is only 330,000 times that of the earth. 
Estimates of its surface temperature range 
from 4,100° Celsius to 5,500° Celsius. The 
temperature of the center may reach 16,- 
000,000° Celsius. 

The elements present in the gases of 
the sun occur also on the earth. The lightest 
of these elements, hydrogen, is by far the 
commonest. Roughly speaking, the heavier 
elements are progressively less abundant. 

The surface of the sun shows a deli- 
cately mottled and swiftly varying pattern. 
Large gaseous clouds hang poised over it. 
Sometimes they shoot off into space. More 
often they cascade downward like foun- 
tains. These are the sun’s prominences, 
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PARALLAX 
OF A CLOSE STAR 


Once the parallax of a star has been determined, the 
star's distance from the earth can be calculated. 


whose motions are probably governed by 
magnetic forces. Sudden, brilliant flares 
occur on the surface and send out sprays of 
atoms into space. Sometimes the solar sur- 
face shows sunspots. which look like dark 
holes. Actually they are very bright. Their 
apparent darkness is an effect of contrast 
with the still more brilliant surface nearby. 
There are strong magnetic fields within the 
Spots. The sun as a whole, however, has a 
very small magnetic field, if any. 

When a total solar eclipse takes place, 
it is possible to make out the sun’s outer 
envelope, which is generally obscured by 
the greater brilliance of the disk. Close to 
the edge is seen a rim of rosy light—the 
chromosphere, which derives its color from 
the hydrogen it contains. Farther out 
stretch the pearly streamers of the corona. 
The form of these Streamers suggests that, 
like the prominences, they are governed by 
magnetic fields. 

The superficial Properties of the sun — 
its high temperature, its gaseous Spectrum, 
its ever-changing surface, perhaps even its 
prominences — are probably common to 
most stars. Since all stars except the sun 

appear only as points of light, we cannot 
directly observe the details of their sur- 
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faces. But astronomers have gained a sur- 
prising amount of information about these 
heavenly bodies by indirect means 

The modern view is that these heaven- 
ly bodies are immensely varied and that 
they are all evolving in accordance with a 
definite pattern and at differing rates. We 
can estimate the speed and direction of 
these changes. We can assign a date to the 
origin of the stars. We can show that all are 
not of the same age. We can estimate their 
span of life. In the following pages we shall 
sketch the results that have already been 


obtained. 
THE NUMBER OF STARS 


About four thousand stars are visible 
to the unaided eye. Even a small telescope 
reveals hundred of thousands. Perhaps 
twenty thousand million could be photo- 
graphed with a 500-centimeter telescope. 
Can we suppose that the numbers would 


continue to mount if more and more power- 
ful telescopes were built? Would we ever 
come to a stopping place? 

The answer is a complex one, for space 
is not filled uniformly with stars. The uni- 
Verse, as we know it, consists of a number 


of aggregations, or groups, of stars. The 
stars that we see with the unaided eye, and 
most of those that we photograph. are parts 
Of a great system of stars, known as the 
Milky Way system —our galaxy. lt is very 
large. Light, traveling at a rate of 300,000 
kilometers a second, takes perhaps 100,000 
years to cross it. Yet it is finite. Our galaxy 
is a flattened, disk-shaped system, whirling 
like a pinwheel. It consists of a densely 
Populated center wreathed about with 
coiled spiral arms, rich in stars, gas, and 
dust. It contains about a hundred thousand 
million stars. 

Our system is not the only one. We can 
Observe many other galaxies, some very 
like our own, some different. There are 
Perhaps a thousand million observable gal- 
axies. Our own System contains more stars 
than the average. Perhaps we shall not be 
far wrong if we estimate that all the observ- 
able galaxies taken together contain about 
ten million million million stars. Most of 
these stars are so distant that we cannot 


Most star ir in pairs or 
clusters ight, a galac- 
tic, or « cluster—the 
double c n Perseus 
hope to see them individually. The collec- 
tive light of all the stars in a distant galaxy 
is observable only as a faint blur. 

It would be impossible to make a list of 
all observable stars. The first partial list 
was drawn up by the Greek astronomer 


Hipparchus over 2,000 years ago. It has 
not come down to us. The first extant star 
catalogue is to be found in the Almagest of 
the Alexandrian astronomer Claudius Pto- 
lemy, who lived in the second century A.D. 
Johann Bayer, a German astronomer, pub- 
lished a famous star atlas, Uranometria, in 
1603. Since that time many star catalogues 
have been compiled for a variety of purpos- 
es. One of them describes the spectra of the 
quarter of a million brightest stars. Others 
contain lists of double stars, or of stars that 
vary in brightness, or of stars whose posi- 
tions, or distances, or motions have been 
accurately measured. 


NAMING STARS 


Stars are designated in various Ways. 
The very brightest ones—about fifty in 
all— have been given specific names. Some 
of these names, such as Pollux, Capella, 
and Sirius, are of Greek or Latin origin. 
Others, including Rigel, Betelgeuse, Algol, 
and Altair, come from the Arabic. , 

In his Uranometria, Johann Bayer in- 
troduced the method of using Greek letters 
for the brightest stars of a constellation. 


Lick Observatory 


This method is still employed. The Greek 
letter is followed by the possessive case of 
the Latin or Latinized form of the constella- 
tion. Thus Alpha (a) Orionis is a bright star 
in the constellation Orion. 

Another method was first used by the 


The Hertzsprung-Russell diagram categorizes stars 
according to magnitude and spectral class (color). 


THE HERTZSPRUNG-RUSSELL DIAGRAM 
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English astronomer John Flamsteed in his 
Historia Coelestis Britannica (1725). He 
numbered the stars of a constellation from 
west to east across it. When one refers to 
61 Cygni (star number 61 of the constella- 
tion Cygnus) or 70 Ophiuchi (star number 
70 of the constellation Ophiuchus), one is 
using Flamsteed numbers. 

Nowadays, stars that can be seen by 
the unaided eye are indicated by Greek let- 
ers, as far as they go, plus the special name 
of the star, if any. Other Stars are designat- 
ed by their Flamsteed numbers. Telescopic 
Stars, or those visible only through the tele- 
Scope, are referred to by the number given 
them in the different catalogues. Some stars 
are named after the person who first noticed 
them or who first put them ina catalogue, 


DISTANCE AND LUMINOSITY 


The apparent brightness of a star is 
expressed in magnitudes. The scale is about 
the same as that of the old catalogues, 
Which assigned first magnitude to the 
brightest stars, sixth magnitude to those 
just visible to the unaided eye. At any point 
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Stars are separated by interstellar al and of- 
ten obscured in nebulosity. Abov orsehead 
Nebula, a dark cloud of interstel rial in Or- 
ion. Left: the Great Nebula, seen w vaked eye 
as the middle "star" in Orion's sw 
in the scale, a given differenc: agnitude 
corresponds to a definite ratic ightness, 
The scale is such that if on: r is five 
magnitudes brighter than a se star, it is 
100 times as bright. This is whether 
the respective magnitudes ai id 6, or 
16 and 21. A few stars have ! found to 
be a little brighter than fir: gnitude, 
These stars are assigned ne magni- 
tudes. For example, Sirius magni- 
tude— 1.52. The brightest star ie sky is, 
of course, the sun, with magn - 26.72. 
The faintest stars observable 'sent ad 
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These are the magnitudes of the stars 
as we see them. A bright star may have a 
“bright” magnitude because, like the sun, it 
is close by —actually the sun is nota partic- 
ularly bright star—or because it is really 
very bright. We cannot tell which, how- 
ever, unless we also know how far away 
a star 15. 

The distances of certain stars can be 
measured by the same principles as those 
used in surveying on the earth. In either 
case we use triangulation. As the earth 
moves around -the sun in its orbit, it de- 
scribes a circle (really an ellipse that is 
very nearly a circle) 300 million kilometers 
in diameter. Suppose we observe a star 
on a given date and again, six months 
later, when the earth is on the opposite side 
of its orbit. If the star is close enough to the 
earth, it will appear to be slightly displaced 
against background of more distant 
stars. 

We then measure the angle formed by 
two lines drawn from our two positions on 
the earth’s orbit to the star. Thus we obtain 
the parallax of the star, which is equivalent 
to one half the angle that we have just mea- 


ne 


Typically, when cosmic material condenses to form 
a star, the star will fall on the H-R diagram's main 
sequence. Near the end of its life, the star expands 
as a red giant, then contracts again, sometimes 
erupting as a nova. Finally it becomes a white dwarf 
and dies. 
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sured. Once we know the parallax of a star, 
we can easily determine its distance from 
the earth by trigonometry. Only a few thou- 
sand stars are close enough to us to be mea- 
sured directly by the method we have just 
described. The parallax of other stars or 
groups of stars must be measured in more 
indirect ways. We discuss these elsewhere. 

When the distance of a star is known, 
we can calculate from its apparent bright- 
ness, or apparent magnitude, what its 
brightness would be at some standard dis- 
tance. This is its absolute magnitude. The 
standard distance that has been chosen is 
ten parsecs. A parsec is the distance at 
which the parallax of a star is one second of 
arc (parsec = parallax + second). Since 
there are 360 (degrees (°) in a circle, and 
each degree is divided into 60 minutes (^), 
and each minute into 60 seconds (^, there 
are 1,296,000 arc seconds in a circle 
(360 x 60 x 60). Thus one second of arc 
is 1/1,296,000 of the circumference ofa 
circle. If the sun were at a distance of ten 
parsecs, its magnitude would be about 4.86. 
This represents its absolute magnitude. 

Table 1 lists the twenty brightest stars, 
from the viewpoint of apparent magnitude. 
The absolute magnitude is also given in 
each case. Notice that the sun, with the 
brightest apparent magnitude, has the faint- 
est absolute magnitude. Deneb, the faintest 
in apparent magnitude, is one of the two 
brightest in absolute magnitude. It is so 
distant, in fact, that its parallax is un- 
certain. 

Table 2 is a companion to Table 1. It 
gives a list of the twenty nearest stars. 
More than half the stars given in this table 
are members of double or triple systems. 

Notice how few stars are common to 
both tables —only the sun, Alpha Centauri 
A, Sirius A, and Procyon A. Many of the 
stars are Very inconspicuous. Only eight of 
the twenty nearest are brighter than sixth 
apparent magnitude and can be readily seen 
with the unaided eye. In absolute magni- 
tude only three— Alpha Centauri A, and 
Sirius A, and Procyon A —are brighter than 
the sun. The list contains no stars of neg- 
ative absolute magnitude. There were 
eleven such stars in Table E 
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The table of the nearest stars gives a 
good idea of what the commonest stars are 
like. The majority of them are fainter in ab- 
solute magnitude than the sun, many of 
them very much fainter. The faintest star 
known is about ¥/400,000 as bright as the sun. 
The brightest nonvariable star known is 
about 400,000 times as bright. Our own 
star, therefore, is just about average in this 
respect. However, the number of stars that 
are fainter than the sun is far greater than 
the number of those that are brighter. 


MOTIONS OF THE STARS 


The heavens seem to be unchanging, 
and we commonly talk of the “fixed stars.” 
All the stars, nevertheless, are in motion. 
Only their remoteness and our short span 
of observation give the illusion of fixity. 
The measured speeds of many stars 
through space are very large by human 
Standards. Some stars are traveling at 
hundreds of kilometers a second, 

The motions of stars may be measured 
by precise comparisons of their positions 
from year to year. However, even the fast- 
est-moving stars do not move as much asa 
degree in a thousand years. Only the preci- 
sion of modern instruments enables us to 
observe the change of position and to pre- 
dict the shapes of such now-familiar con- 
Stellations as the Big Dipper in 100,000 
years or so. The Spectrograph, for example, 
measures speeds toward us and away 
from us, 

When the information obtained from 
changes of position and from Spectrograph- 
ic measurement is analyzed, we find that 
the motions of stars, like their physical 
dimensions, are not distributed at random. 
The most obvious apparent regularity is 
that stars on one side of us appear to be 
approaching, while those on the opposite 
side appear to be receding. This is caused 
by the changing direction of the earth as it 
goes around the sun. 

Stellar motions show some regularities, 
There is a persistent pattern that was long 
ago called star streaming. We now know 
it is the consequence of a regular rotation 
of our whole stellar System, the Milky Way 
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A time exposure of the starry sky above the North 
Pole. The apparent circular trail the result 
of the earth's rotation on its axis 

System or galaxy, about its center. The 
stellar traffic is, so to speak, going around 
a gigantic rotary, The sun is sw ept along 


with the rest at about 190 kilometers à 


Second. The sun takes about 200 million 
years to make the circuit. This interval is 
sometimes called the cosmic vear, by anal- 


ogy with the ordinary year. 

Some stars do not follow the regular 
traffic pattern, but cross it at all sorts of an- 
gles, often with great speeds. These are 
known as high-velocity stars. The term is 
misleading. The apparently high velocity of 
these stars is actually due to the suns 
motion among the other stars. The high- 
Velocity stars, as a group, actually move 
about the center of the galaxy more slowly 
than the sun does. 


TEMPERATURE, SIZE, AND MASS 


The laws of radiation, familiar to phys- 
icists, permit us to calculate the surface 
temperature of a star if its color is known. 

nce we know its surface temperature, We 
can calculate the intensity of its radiation. 


The amount of energy radiated per square 
unit is proportional to the fourth power of 
the absolute temperature. Absolute temper- 
ature is based on the lowest possible tem- 
perature, “absolute zero.” Absolute zero 
equals —273.16? Celsius. This law of radia- 
tion permits us to find the sizes of stars of 
known surface temperature and absolute 
magnitude. 

The absolute magnitude tells how 
much energy the star is emitting per sec- 
ond. The temperature tells how much ener- 
gy is being emitted per square unit per sec- 
ond. The ratio of these two quantities gives 
the star's surface area. We can then find its 
diameter 

The mass of a star can be determined 
by the gravitational effect of the star on 
another object. The only stars whose mass- 
escan actually be measured in this way are 
double stars. Almost all stars of Known 
mass conform to the rule that the stars of 
brightest absolute magnitude are the most 
massive. This is the mass-luminosity law. 


Table 1 
THE TWENTY BRIGHTEST STARS 


ABSOLUTE 


APPARENT 
MAGNITUDE 


STAR MAGNITUDE 


Sun 26.72 4.86 
Sirius* -14 12 
Canopus — 073 -45 
Vega 0.04 0.6 
Arcturus 0.06 -01 
Rigel 0.08 -7.0 
Capella” 0.09 0.3, 0.6 
Alpha Centauri A 0.33 47 
Procyon* 0.34 21 
Achernar 047 -1.6 
Hadar 0.59 51 
Altair 0.77 24 
Betelgeuse 0.80 —5.8 
Aldebaran 0.86 —0.3 
Spica* 0.96 -3.5 
Antares 1.08 —4.5 
Pollux 115 0.2 
Fomalhaut 116 17 
Beta Crucis 124 —4.25 
Deneb 1.26 7.0 


Surface temperatures, absolute magni- 
tudes, and diameters for a number of typi- 
cal stars are given in Table 3. Masses and 
densities are also included. 

The stars are arranged in four groups. 
The supergiants are very large and of low 
density. The giants are smaller, but still 
large and diffuse. The main-sequence stars, 
which include our own, are smaller still. 
The white dwarfs are exceedingly small 
and dense. Within each group the bluest 
stars are the smallest and densest. 

The subdivisions of Table 3 are not 
arbitrary, for the properties of stars are not 
distributed at random. Most of the stars in 
the neighborhood of the sun belong to the 
main sequence. This is a regular series that 
runs from hot, bright, rather dense stars, 
such as Hadar, down through cool, faint, 
small, dense stars, such as Krueger 60 A. 
The faint end of the sequence is much more 
thickly populated with stars than the bright 
end. For every star like Hadar Beta Cen- 
tauri, there are millions like Krueger 60 A. 


Table 2 
THE TWENTY NEAREST STARS 


DISTANCE 


ABSOLUTE APPARENT 
IN UGHT YEARS 


STAR MAGNITUDE MAGNITUDE 


Sun —26.72 486 about 8 minutes 


Proxima Centauri — 11.0 1540 43 
Alpha CentauriA* 0.33 4.72 43 
Alpha Centauri B* 1.70 6.09 43 
Barnard's Star* 95 13.18 6.0 
Wolf 359 13.5 16.64 77 
+36° 2147 75 1047 83 
Sirius A* — 15 1.26 87 
Sirius B* i TAI Be 
hts i \ ^ 
EU oum ag 
ss 154 10. f . 
Yale 5736 122 14.70 10.3 
Epsilon Eridani 3.8 6.21 10.8 
Yale 5475 122 14.59 10.9 
Yale 2730 11.0 11.72 10.9 
61 Cygni A* 52 7.54 11.1 
61 Cygni B* 6.0 8.34 11.1 
Epsilon Indi 47 6.98 114 
Procyon A* 0.5 2.76 115 


*member of binary or multiple system 


THE STARS 


*member of multiple system 


185 


186 


SUPER- 10,200 
GIANTS Gamma Cygni 4,100 
Betelgeuse 2,700 
Antares 2,900 
Capella 4,800 
Arcturus 3,800 
GIANTS Aldebaran 2,700 
Beta Pegasi 2,000 
Hadar 21,000 
MU-1 Scorpii 20,000 
Sirius A 10,200 
MAIN Altair 7,300 
SEQUENCE Procyon A 6,800 
STARS Sun 5,900 
61 Cygni A 2,600 
Krueger 60 2,800 
Barnard's Star 2,700 
Sirius B 5,000? 
WHITE dre s 
40 Eridani B 5,000? 
DWARFS Van Maanen's Star 5,000? 


The giant stars are a different group, all 
of nearly the same brightness, much larger 
and less dense than the main-sequence 
Stars. They are as rare as the bright main- 
Sequence stars. The supergiants are Stellar 
freaks, extremely rare in space. They force 


themselves on our attention because they 
are so bright, but there are thousands of 
giants for every supergiant. 

The white dwarfs, on the other hand, 
are so very faint that they are quite hard to 
find. As a matter of fact, white dwarfs are 
probably more common than main-se- 
quence stars like our sun. 


STAR STRUCTURE 


Observation shows that the Stars are 
gaseous on the surface. The laws of physics 
can be used to probe their interiors, and to 
show that they are gaseous through to their 
centers also. Because of the Weight of the 
outer parts of a star, such as the Sun, the 
center is extremely dense. The pressure is 
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Table 3 
TEMPERATURES AND DIMENSIONS OF TYPICAL ST; 


ABSOLUTE 
MAGNITUDE 


0? .00002 
E 20? 00007 
1000 10? 00000 
776 20? 000006 
21 .00096 
E: 8 .00018 
87 4 .000006 
40 9 .00014 
22 25 .0023 
52 140 1000 
19 23 .335 
1.6 17 415 
26 18 102 
1.0 1.0 1.0 
07 0.58 1.69 
0.35 0.27 6.30 
0.15 0.18? 53.3 
0.022 0.99 90,000 
0.018 041 71,000 
0.007 0.147 


about one million metric tons per square 


centimeter. It seems probable that all main- 
Sequence stars are similar to the sun in 
structure. 


The interiors of giant stars probably 
have about the same central temperature as 
main-sequence stars, but they are greatly 
distended and their structure is less simple. 
Supergiants are still more puzzling. We do 
Not understand what sustains their enor- 
mous, low-density bulk. The structure of the 
white dwarfs is radically different. The 
internal material of these extremely small 
Stars is packed to almost incredible den- 
Sity, and their atoms must be tightly jam- 
med together. 


SOURCES OF STELLAR ENERGY 


The sun radiates energy at the rate of 
3.79 X 10% ergs a second. An erg is a unit 0 
energy. The source of this energy was long 
a mystery. Ordinary processes of combus- 
tion or contraction could not account for it. 


According to modern theory the ener- 


gy that ims out of the sun is due to reac- 
tions involving the nuclei of hydrogen 
atoms > hydrogen nuclei are built up 
into helium nuclei, releasing energy as a by- 
produc here are probably two ways in 
which is done. The hydrogen nuclei 
may c ne directly, or in a roundabout 
proces which carbon atoms also take 
part. 

TI scovery of the source of solar 
energy solved the problem for the other 
main-s nce stars as well, since their in- 
ternal itions are very similar to those 
in the In all these stars, hydrogen is 
being med; helium is the final pro- 
duct; adiated light a by-product. 
EVOLU OF STARS 

The main-sequence stars probably be- 
gin the xistence as large, diffuse, cool 
bodies. Gravitational forces within them 
cause them to contract. As they contract, 
they gr denser and hotter inside. When 
the int of a contracting star reaches the 
temperature at which the hydrogen-to-he- 
lium reaction can proceed, its contraction 
is stopped by the outpouring radiation. The 
star then takes its place on the main se- 
quence it is of high mass, it will have 


become rather hot at the surface by this 
time. A star of lower mass is cooler when 
it reaches the main sequence. The place 
where a star enters the main sequence de- 
pends on its original mass. 

If all main-sequence stars were radiat- 
ing energy, and therefore consuming hydro- 
gen, in exact proportion to their masses, the 
process would go on for exactly the same 
interval of time for all of them. But this is 
not the case. The mass-luminosity law 
states that a star's luminosity is propor- 
tional, not to its mass, but nearly to the 
Cube of its mass. Thus a main-sequence 
star with ten times the sun's mass is radiat- 
ing and using up its hydrogen about a 
thousand times as fast as the sun. There- 
fore, the hydrogen in the more massive star 
will last only one thousandth as long as the 
Sun's. 

We calculate that, at the sun's rate of 
consumption, its original store of hydrogen 


would last altogether about 10,000,000,000 
years. About half this interval is already 
past. A star with a hundred times the sun's 
mass would last on the main sequence only 
about 10,000 years. We do not know of any 
such massive stars. Perhaps the reason is 
that they are too short-lived to be observed. 

When a star has used up its available 
supply of hydrogen, energy can no longer 
be supplied by hydrogen-to-helium reac- 
tions. However, the star can release gravi- 
tational energy by contracting. As it does 
so, the temperature of the interior rises 
again. As a result the star begins to con- 
sume its helium atoms. It increases in size 
and becomes a red giant. 


47 Tucanae in the constellation Tucana is the 
brightest globular star cluster known. It is seen only 
from Southern Hemisphere locations. This photo 
was taken with a 4-meter telescope at Cerro Tololo 
Observatory in Chile. 


Cerro Tololo Inter-American Observatory Photograph 
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In time, the nuclear energy resources 
of the star are used up. What happens next, 
according to modern theories, depends 
upon the mass of the star. Stars ranging 
from very small to about 1.4 times the mass 
of the sun will gradually contract and grow 
fainter and denser. For brief periods they 
may become novae, which are discussed 
later. Eventually they wind up as white 
dwarfs. They will continue to glow until 
they can contract no longer. Then they will 
cease to give off light. 

More massive stars, however, will 
undergo much greater gravitational col- 
lapse. They will become neutron stars— 
stars whose subatomic particles have con- 
densed into neutrons, tightly packed to- 
gether. Such stars may be only a few kilo- 
meters wide. Very massive stars may col- 
lapse completely and become black holes— 
Stars that are so dense that light cannot 
escape from their surface. 


STAR GROUPS 


Very few stars are completely isolated. 
Almost all occur in groups. Pairs of stars 
are common. Among the twenty nearest 
stars, there are many pairs. There is also a 
triple— that is, a three-star group. Stars also 
tend to form clusters. Certain clusters, such 
as the Pleiades, contain a few hundred 
Stars. Others, like the Great Cluster in 
Hercules, have thousands or tens of thou- 
sands of members. The important thing to 
realize about groups of stars, whether dou- 
bles or clusters, is that they cannot Possibly 
have come together by chance. They must 
have been formed together. 

The members of a star cluster started 
out together. Their condition today shows 
how each one has evolved. The members of 
a young cluster of stars might be lined up 
along the main Sequence. At first sight, the 
Pleiades seems to be Such a cluster, for it 
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to the faintest, which are smaller, redder, 
and denser. Actually, the very brightest 
Pleiades have already moved a little way off 


the main sequence. The Hyades, visible to 
the eye as a V-shaped group of stars in the 
constellation Taurus, are farther advanced. 
Several of their members have actually 
become red giant stars. The lonver a cluster 
has been developing, the less of the primi- 
tive main sequence is left. There are also 
clusters whose faintest members have ap- 
parently not reached the main sequence 
yet. They are still contracting, 

The older a star cluster, the less of its 
main sequence is left. Some very young 
clusters have only partially formed their 
main sequences. The ages of the clusters 
like the Pleiades range from about a million 
years for the youngest to nearly a thousand 
million for the oldest. 

THE MILKY WAY 

When we spoke of the number of the 
Stars, we described the disk-shaped pin- 
Wheel, isolated in space, that we call our 


Milky Way System. Vast numbers of stars 
are crowded toward the center. There are 
also spiral arms made up of stars, gas, and 


dust. These arms are not easy to make out 
Within our own system, for we are too near 
to them. They are easily seen in other dis- 


tant galaxies. With the aid of the radio tele- 
Scope we are now determining the position 
they Occupy in our galaxy. 

The Pleiades-like clusters all lie in the 
Spiral arms. They tend to be enmeshed in 
gas clouds and in dust. They are called ga- 
lactic clusters. They lie in the central plane 
of the Milky Way, where the stars are 
thickest. The galactic clusters are typical 
members of the spiral arms. Many other 
Stars that inhabit the spiral arms are similar 
in character and probably also in history 
and age. The spiral arms are continually 
reborn. They are being formed from inter- 
stellar dust and gas. 


Star is, the harder it is to identify its companions Pictured 
ative sizes and Spectral differences of our sun and its closes! 


Alpha Centauri 


Barnard's star 


companion? 


Sirius 


Luytens 789-6 


Epsilon Indi 


Lalande 21185 


Epsilon Eridani 


CoD31/?:622 companion? 


* 
Groombridge 34 


Sigma 2398 
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Globular clusters are larger than the 
galactic clusters. They have thousands or 
hundreds of thousands of members. They 
are not confined to the central plane of the 
Milky Way. Each globular cluster forms a 
more or less spherical system, which ac- 
counts for its name. 

Their development patterns show that 
they are older than galactic clusters. Their 
ages range perhaps from three to five thou- 
sand million years. The colors and sizes of 
their stars indicate that they are poorer in 
metallic atoms than the stars in galactic 
clusters, 

We can now trace the probable course 
of development of the stars in our Milky 
Way. The gobular clusters contain the old- 
est stars. Obviously they must have arisen 
first. Their large population shows the 
immensity of the material available for star 
formation in the early days of the galactic 
system. They are poor in metallic atoms 
and rich in light elements such as hydrogen 
and helium. We can infer, therefore, that 
these light elements must have abounded in 
the material from which the stars formed. 

The much younger galactic clusters are 
much richer in metallic elements. How 
does this come about? It will be recalled 
that the nuclear transformations in the stars 
build light elements into heavier ones. In 
their final stages, they must be producing 
metallic atoms, such as iron. The most 
massive stars run through these Stages rap- 
idly. It seems likely that in their final de- 
cline, they become unstable and unload 
their excess mass by exploding. The mate- 
rial that is thrown into interstellar space by 
such explosions is rich in metallic atoms. It 
is this material that furnishes the stuff from 
which fresh stars and clusters of Stars are 
formed. We can show that the loose gases 
and dust have a tendency to collect in the 
central plane of the Milky Way. Therefore 
young stars will tend to be born in this 
plane. As we have seen, that is just where 
the galactic clusters are formed, 


EXPLODING VARIABLE STARS 


Certain stars show more or less nota- 
ble variations in brightness and sometimes 
in other respects. They are known as vari- 
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able stars. There are thousands of them in 
our own galaxy —the Milky Way —and in 
other island universes, as galaxies are 
sometimes called. 

Among the most interesting are the 
exploding stars. They are fairly common in 
our galaxy. About fifty of them explode 
every year. They are known as new stars, 
or novae —an inaccurate term. for only old 
stars are explosive. Although the stars that 
become novae are about as bright as the 
sun, they are much smaller nser, and 
bluer, and have advanced farther along the 
evolutionary path. Stars such the sun 
have many thousands of million: of years to 
go before they reach the nov: ge. Long 
before the sun reaches this stage, if modern 
theories are correct, it will have become a 
red giant large enough to enguif our planet 
entirely. This will happen perhaps in a 
thousand million years. 

An ordinary nova becomes about 
100,000 times as bright as the «un during 
the explosion. However, only the surface 
area is affected. The outer "skin" of the star 
is blown off. After a few years the distur- 


bance dies away and the star is found to be 
little altered. d 

Some stars explode much more vio- 
lently. Such stars, called supernovae, be- 
come perhaps 100,000,000 times as bright 
as the sun. Supernovae are, perhaps, mas- 
sive stars that almost blow themselves to 
Pieces, leaving behind a dense core such as 
a white dwarf or a neutron star. These ex- 
plosions occur in our galaxy perhaps once 
in two hundred years. The Crab Nebula, 
for example, is the expanding remnant of a 
Supernova that was observed in 1054 A.D. 
At the center of the Crab Nebula is a tiny 
Star, probably a neutron star, that is all that 
remains of the original stellar mass. It is 
also an example of certain objects that have 
been discovered by radio astronomers— 
pulsars, which emit strong radio signals at 
rapid intervals. 


PERIODIC VARIABLES 


Not all variable stars explode. The 
commonest variable stars are those that 
Periodically grow brighter and darker. 
Many of them pulsate or oscillate rhythmi- 


Kitt Peok National Observatory 

Alpha Orion, is the first star, ex- 
{ which scientists were able to ob- 
ed image. Above is an enhanced 
starspots on the face of the star. 


cally. Some stars oscillate once every year 
or two. The Cepheid variables—stars that 
follow the oscillation pattern of the bright 
star Delta Cephei—have a pulsating period 
of a few days. Other pulsating stars have 
periods between a day and a couple of 
hours. The slowly pulsating stars are large 
and red, the faster ones smaller and blue. 
The period is related to the density of the 
star: the square of the period is inversely 
proportional to the density. The fastest pul- 
sation known is that of a dense blue star 
that once became a nova. Its period is a lit- 
tle over a minute. 

The variations of novae and Cepheid 
variables are not confined to their bright- 
ness. Conditions at their surfaces are 
changing along with the variations of 
brightness. A study of their spectra shows 
that Cepheid variables, for example, 


change in temperature rhythmically as they 
vary. They are hottest when they are 


Some led supernovae, explode violently. Below: photos of the same 
sectio ky, taken 13 years apart. The photo on the right shows the emer- 


gence ernova just below the galaxy at center. 


Hole Observatories 
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brightest, coolest when they are faintest. 

The novae and the pulsating stars are 
not only of interest in themselves. They 
furnish measuring sticks for the distant stel- 
lar systems. It has been found that all novae 
and supernovae that behave in the same 
way have the same true or absolute bright- 
ness. The absolute brightness of pulsating 
stars depends on their periods. Those with 
the longest periods are the brightest. Using 
such stars, astronomers have determined 
the distance of a great number of galaxies 
in which these stars occur. 


ERRATIC VARIABLES 
Not all variable stars are explosive or 


regularly periodic. There is a most interest- 
ing group of erratically variable stars, al- 


ways found embedded in ck 
dust. They are probably ver 
the making, actually contra: 
terstellar material. Some of 


young galactic clusters cont 
these stars. Some astronomer 


supernova explosion led to t! 
such clusters. 

Other stars, which var 
little if at all, show remarkal 
ations. A small and fascinat 
the magnetic variables. The 
mous magnetic fields that 


with a regular rhythm. The ori 


tions of these magnetic field 
of a mystery. Comparable n 


which are also not fully un 


Observed within sunspots 


The photo below reveals the cores of two galaxies— Maffei 1 and Maffei 2— amid 
a veil of interstellar material. It is impossible — even with powerful telescopes — to 


see the individual stars of these galaxies. 
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Even to the unaided eye, many of the 
stars display beautiful tinges of color. The 
intensity of these colors is increased by the 
telescope, which also reveals the color of 
many stars that without its aid appear white. 
Antares is a wonderful ruby red. Somewhat 
less deep and rich in tone is another red 
star, Betelgeuse. Aldebaran and Arcturus 
are red-orange. The sun is, of course, yel- 
low. Procyon is yellowish white; Sirius is 
white with almost a bluish cast; Mirzam is 
definitely bluish. These illustrate the color 
range of all the stars in the sky, red to blue- 
white, but there are a hundred delicate tints 
in between — lilacs, amethysts, and greens, 
forming a beautifully colored pattern in the 
night skies. 

Homer, Cicero, and some other an- 
cient writers described Sirius, the Dog 
Star, as red, though it is today very clearly 
white. Can stars, then, change color? 
They can and do. It has been determined 
that color is an index of temperature. Red 
stars are comparatively cool, around 
2,000° to 2,600° Celsius. Blue-white stars 
are the hottest, up to 50,000° Celsius. 
These are surface temperatures. Inside 
the stars, temperatures go up to tens of 
millions of degrees. 

Astronomers at one time believed that 
all blue-white stars were "young" stars 
and that red ones were "old," with yellow 
and orange ones in between. Nowadays the 
accepted theory is that stars progress 
from red toward white. 

This is what probably happens: a 
"young" star is a diffuse mass of elements 
in gaseous form. Its color is reddish, which 
means it is comparatively cool. But it is, 
nevertheless, hot enough so that many 
atoms are excited. They lose electrons. 
This means, of course, that they lose mass. 
The star contracts. Contraction creates 
Pressure and greater heat. Nuclear reac- 
tions take place, in which some mass is lost 
but great energy is created. The star grows 
Progressively hotter. Its color changes 
from red to orange to yellow to white to 
blue. In its hottest blue-white state a re- 


versal sets in. The star starts to cool off, 
changing color again, growing white, yel- 
low, orange, red and, finally, losing its lumi- 
nosity, becoming a cold, dead mass. 
According to this theory of a star's life his- 
tory, Sirius might possibly have been red 
during Homer's time though it is white now 
and at some future date will be red again. 


ECLIPSING BINARIES 


Sirius also changes periodically in 
brightness, or apparent magnitude. Thou- 
sands of stars do this. They are called vari- 
ables. The variables have been classified 
according to the reason for their changing 
brightness. Sirius belongs to the class of 
eclipsing variables. That means that Sirius 
has a companion star, and the two revolve 
around a common central point. At times 
the smaller companion, or Sirius B, gets 
between Sirius A and the earth, cancelling 
out some of the luminosity of Sirius A. 

Two-star companionships of this sort 
are called binaries. Some of them are very 
beautiful and impressive when viewed 
through a telescope. Stars that to unaided 
vision seem but a single point of more or 
less doubtful color reveal themselves in the 
telescope as pairs. These pairs often dis- 
play amazingly lovely harmonies of color, 
either contrasted or graded in pleasing nu- 
ances. 

Algol, perhaps the best-known of the 
eclipsing binaries, was the first to be discov- 
ered by astronomers. Perhaps the ancients 
suspected that it was out of the ordinary. 
The name “Algol,” which means “the 
demon" in Arabic, may have referred to 
the bizarre quality of the object's light, 
alternately becoming brighter and then 
dimming. 

In 1667, Montanari discovered that 
Algol was a variable star, but it was not 
until 1783 that John Goodricke suggested 
how its variations occurred. He advanced 
the theory that what appeared to be a 
single star was really made up of two: a 
bright star and a fainter companion that 
eclipsed the bright star as it revolved 
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Variations in the brightness of a star can be expressed by alight curve in w! rig! 
ness of the star is plotted against time. At right, the light curve for eclipsing binar Algol 
This star ranges from optimum brightness of below 0 magnitude to minimal brigh s of 


about 1.2 magnitude over a period of 2.9 days. It is dimmed when its compan ar 


eclipses it. 


around it. He noted that the light of Algol 
becomes dimmer at intervals of about two 
days and twenty-two hours. 

Much has been learned since his day 
about the two stars that make up the eclips- 
ing binary Algol. The brighter of the two— 
the primary star—has a diameter three 
times that of the sun. Its companion is 
somewhat larger, but is fainter by three 
magnitudes. The centers of the two stars 
are about 20,000,000 kilometers apart. 
Their orbits are almost edgewise to the 
earth. They are inclined from the edgewise 
position by only 8° or so. 

Another interesting eclipsing binary is 
Zeta Aurigae. It is made up of a blue star, 
whose diameter is about seven times that of 
the sun, and a red star, with a diameter 
about fourteen times that of its companion. 
The two stars have approximately the same 
apparent magnitude. They revolve about 
each other once every 972 days. They 
eclipse each other at intervals as they move 
in their orbits. First we see a Partial eclipse, 
lasting thirty-two hours, then a total eclipse 
of thirty-seven days, and finally another 
thirty-two-hour partial eclipse. 

s The components of certain eclipsing 
binaries are so close together that they ap- 
pear as a single star even when viewed 
through the most powerful telescope. They 
have been discovered and studied, how- 
ever, with the spectroscope. Therefore they 
are called spechroscopic binaries, 

The two stars of a typical binary of 
this kind approach the earth and then 
recede from it in their orbits. The motions 
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of the stars can be analyzed with the help 
of the spectroscope because, in accordance 
with a certain principle in science known as 
the Doppler effect, the lines in their spectra 
shift to the violet as they approach the earth 
and to the red as they recede from it. | 
The variable stars that we have consid- 
ered up to this point are called extrinsic 
variables. The changes of brightness that 
we note in them are brought about by exter- 
nal factors, such as eclipses. We shall now 
take up the intrinsic variables. These are 
the stars that vary in brightness because of 
physical changes that take place in them. 
Among these physical changes are changes 
in heat output, color, stellar spectrum, and 
velocity. Certain variables are both ex- 
trinsic and intrinsic. They are eclipsing 
binaries that also undergo internal changes. 


NOVAE 


A fascinating class of intrinsic vari- 
ables are the exploding stars known as no- 
vae, or “new stars.” They were given that 
name because they appeared to be newly 
created. We realize now, however, that a 
nova is not “new.” It is a pre-existing star 
upon which an explosion has taken place. 

A faint star, perhaps too faint to be 
seen by any except the most powerful tele- 
Scopes, begins to be more brilliant. Within 
the space of a few days it becomes thou- 
sands of times brighter than it was before. 
The mechanism producing the increase in 
brightness is most likely the release of an 
enormous amount of atomic energy —a nU- 
Clear explosion. The intensity of the explo- 


sion can be measured by the amount of 


material thrown outwards: the greater the 
magnitude of the explosion, the greater the 
amount of material ejected. After some 
days of maximum brillance, the luminosity 
begins to fade. Ultimately, the star is about 
as faint as it was before. This would seem 
to indicste that the outburst is far more 


superficial than it appears to be. The explo- 
sion of 2 nova occurs without warning. On 
the average, there is an increase of about 
60,000 times in brightness, corresponding 


to 13 maynitudes. The growth of brilliance 
of a nova is always extremely rapid, and 
its fading is gré 

An 
“Nova,” followed by the Latin possessive 
form of the name of the constellation in 
which it occurs and the year in which the 


outburst took place. For example, when we 


refer to Nova Persei 1901, we have in mind 
the nova that appeared in the constellation 
Perseus in the year 1901. 

The brightest nova of which we have 
definite record appeared in the constella- 
tion Cassiopeia in November 1572. It was 


observed by the great Danish astronomer 
Tycho Brahe. Nova Cassiopeiae 1572, to 
give it its technical name, became so bright 
that it could be seen in daylight. It faded 
very gradually and finally disappeared from 
view in the spring of 1574. There were no 
telescopes in those days. Otherwise, it 
would have been visible some time longer. 
Another particularly brilliant nova was 
observed by the German astronomer Jo- 
hannes Kepler in 1604, in the constellation 
Ophiuchus. It remained visible to the naked 
eye for about eighteen months. This nova 
became known as “‘Kepler’s star.” 

A gaseous envelope develops around a 
nova. In certain cases, this envelope is 
spherical. Sometimes it is elliptical; in such 
instances, it is probably composed of sever- 
al “shells,” each corresponding to a dif- 
ferent explosion. Occasionally an envelope 
attains fantastic size. The one that formed 
around Nova Aquilae 1918 was something 
like 1,600,000,000,000 kilometers in diam- 
eter after about twenty years. The Crab 
Nebula in the constellation Taurus shows 
an envelope that has been expanding for 


hundreds of years. It seems to have been 
formed by a nova that appeared in the year 
1054, according to Chinese and Japanese 
records. Actually, the outburst must have 
taken place four thousand years or so be- 
fore 1054, since it would take that length of 
time for its light to reach us. 

A number of novae explode only once. 
In others, which are called recurrent novae, 
two or more outbursts take place. These 
novae rise to maximum brilliance more 
slowly than those that explode only once, 
and they take less time to return to their 
former faintness. They also have smaller 
ranges of magnitude than most novae. 
Among the recurrent novae are Y Coronae 
Borealis, RS Ophiuchi, and U Scorpii. 

We can only conjecture about the 
cause or causes of the explosions that result 
in the formation of novae. It was formerly 
held that they were due to collisions be- 
tween stars, or between a star and a nebula. 
Few take this theory seriously now. For 
one thing, how could we explain recurrent 
novae on the basis of collisions? We would 
have to assume that a single star collides 
again and again with some celestial object 
in the course of a century. This would be 
beyond the range of probability. 

It is more likely that a nova arises as 
the result of the sudden release of internal 
energy. Perhaps this energy release is 
brought about by a gradual increase in tem- 
perature, which finally triggers a nuclear 


explosion. 
SUPERNOVAE 


In some cases, the explosions accom- 
panying the rise of novae are particularly 
spectacular. Such out-of-the-ordinary no- 
vae are known as supernovae. The first one 
recorded by astronomers appeared in 1885 
in the central region of the galaxy called the 
great spiral in Andromeda. It was of the 
seventh magnitude. It was one-tenth as 
bright as the spiral itself and ten times as 
bright as the average nova. At first, astron- 
omers did not consider it as differing appre- 
ciably from the other novae known at this 
time, since the great spiral in Andromeda 
was thought to be a nebula and much nearer 
to us than it actually is. Once it was realized 
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Some intrinsic variable stars are novae. In the pho- 
to above, the arrow points to the star now known as 
Nova Aquilae 1918 as it appeared before the out- 
burst that made it a nova. On the next Page, we see 
how much brighter the star became after the explo- 
sion. 


how far away from the earth Andromeda is, 
it became obvious that this particular nova 
was an extraordinary one. 

We pointed out that the explosion that 
Causes the average nova to become so bril- 
liant does not have relatively far-reaching 
effects. It is estimated that a nova throws 
off only one thousandth, or even less, of the 
matter that it contains, The Supernova is 
affected much more by an explosion. As far 
as we can judge, it throws off the greater 
portion of its mass, Furthermore, it does 
not return to its former state after the ex- 
plosion takes place. If we adopt the inter- 
nal-energy theory to account for the rise of 
Supernovae, the energy release must be far 
greater than in the case of novae, 


PULSATING VARIABLES 


The pulsating variables make up an- 
other important group of intrinsic Variable 
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ervatory 


me “pul- 
ternately 
i more or 
e pulsating 


stars. They have received the 
sating” because they grow 
brighter and fainter accordin 
less definite pulse, or rhythm 


variables may be divided, rather ar bitrarily, 
into two groups: long-period an Puoi 
riod. In the first group, the period from on 


peak of brightness to the next ranges from 
hundred days to a thousand. In the secon 
group, it ranges from less than one day to 
about fifty. 


LONG-PERIOD VARIABLES 


The stars with the longest period 2 
the large red giants, with low density a 
low surface temperature. Variations g: 
brightness are not altogether regular. Tues 
stars are all fairly bright when they reos, 
their maximum brilliance and have con 
uous variations. Hence they can be studi 
by the amateur astronomer with a sma 
telescope or even a pair of binoculars. the 

The long-period star called Mira, in ie 
Constellation Cetus, is the prototype or 
long-period variable. As a matter of ae 
the name “Mira stars” is sometimes gue 
to them. Mira was the first long-period vari 


able to be discovered. It was first observed 
by David Fabricius, a German theologian 
and astronomer, in 1596. He thought he 


had found a nova. It was seen again in the 
year 1638. The astronomers of that time 
also assumed that it was a nova, at first, but 
they soon became aware of its true charac- 
ter as a periodic variable. 

_ Mira has a period of about 332 days. 
Neither the maximum nor the minimum 
brilliance in a given cycle can be deter- 
mined beforehand with any precision. Ei- 
ther may be hastened or delayed by a week 
or two and occasionally by as much as forty 
days. There are also considerable varia- 
tions in intensity of light. The maximum 
brightness of the star has been known to 
reach almost the first magnitude. In 1779, 
Sir William Herschel noted that Mira was 
almost equal in brilliance to Aldebaran, a 
first-magnitude star. At other times, how- 
ever, Mira fails to attain the fifth magnitude 
at the peak of its brightness. 

Its minimum brilliance is more uni- 
form, on the whole, but it, too, is subject 
to irregularity. It usually falls between the 
eighth and tenth magnitudes, but it has 
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been known to be considerably fainter than 
this limit. In 1783, for example, Sir William 
Herschel could find no trace of the star in a 
telescope in which all stars down to the 
tenth magnitude were visible. 

If we consider the whole range within 
which Mira has been known to vary, we 
find that the light it emits at certain periods 
is about ten thousand times as great as that 
emitted at other times. In its usual range of 
brilliance, however, it is from twelve to fif- 
teen hundred times brighter at maximum 
than at minimum. 

In spite of its variations, we can mark a 
certain pattern—an average of waning and 
waxing. At intervals of about eleven 
months, the star begins to brighten. The 
progression from minimum to maximum 
brightness takes something like a hundred 
days. Mira retains its brilliance for some 
weeks. Then it subsides to its former level 
of brightness. It takes the star almost twice 
as long to pass from maximum to minimum 
brightness as from minimum to maximum. 
Considering the average of its performance, 
it remains at a high level of brilliance for 
about two months and at a low one for 
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about four. It spends the rest of the time 
changing from one level to the other. j 

Another famous long-period variable is 
Chi Cygni. This striking star, which is ofa 
beautiful scarlet color, is more than six 
thousand times as bright when it is at maxi- 
mum brilliance than when it is faintest. It 
waxes and wanes in periods of about four 
hundred days through a range of eight mag- 
nitudes. 

Mira and Chi Cygni show exception- 
ally wide ranges of fluctuations. The aver- 
age amount of variation in seventy-five 
long-period variables that were kept under 
close observation at Harvard University 
was found to be five magnitudes. This 
means that the average long-period variable 
gives out a hundred times more light at 
maximum brightness than at minimum. 

Spectroscopic examination has shown 
that the increase in the brilliance of long- 
period stars is caused by periodic out- 
bursts of incandescent gases, chiefly hydro- 


gen. It is still not clear why these outbursts 
take place. 


SHORT-PERIOD VARIABLES 


The intrinsic variables with the short- 
est periods are called the RR Lyrae stars, 
because the first of the group to be studied 
was RR Lyrae, the star named RR in the 
Constellation Lyra. They have been discov- 
ered in considerable numbers in the globu- 
lar clusters. For this reason they are some- 
times known as cluster-type variables. 
Their periods range from about an hour and 
a half to a little over a day. They remain at 
their peak of brightness for a very short 
time. They are at minimum brightness for a 
comparatively prolonged period. It is ex- 
tremely difficult to observe these stars. Of- 
ten they can be studied only by photo- 
be means, 

Even at maximum bri htness, thi 

so faint that we have identified ps Shout 
fifteen hundred out of an estimated total of 
one hundred thousand in our Own galaxy 
As for the RR Lyrae stars in other galaxies, 
we shall probably never be able to discover 
more than an insignificant fraction. So far 
astronomers have identified only a few in 
the neighboring galaxies, 


VARIABLE STARS 


Far better known are the Cepheid v 
ables. Their name is derived from D 
Cephei, a star that can be made out with 
naked eye. The total period of Delta 
phei from minimum to minimum is nea 
five and one-half days, and its light va 
from a magnitude of 3.7 to 4.4. It takes only 
one and one-half days for the star to reach 
maximum brilliance, while the descent to 
minimum requires four days. About fifteen 
hours after the downward progress 
begins, the star maintains the same degre 
of brilliance for a short time before resum- 
ing its declining course. 

The average period of the Ceph 
variables in our own galaxy is about seven 
days. Changes in magnitude vary from | 
than half a magnitude to somewhat more 
than a magnitude—a comparatively sligh 
range. 

Following are the periods and the va 
ations in magnitude of a few representative 
members of the Cepheid variable group: 


Period 

Name (days) 

SU Cassiopeiae 2.0 
Delta Cephei 5.4 
Zeta Geminorum 10.2 
1 Carinae 35.5 
SV Vulpeculae 45.1 


LIGHT CURVES 


We show the variations in brightness 
of a star by the so-called light curve, If 
which we plot brightness against time” 
Generally we cannot make observations 
a variable star throughout the cycle of its 
variation, if the cycle is a day or more It 
length, because of the alternation of d 
and night. Hence we have to establish 
light curve of a variable star from the data 
we obtain on different nights. It is a tribu e 
to the perseverance and ingenuity of n. 
tronomers that they have been able to p% 
So many of the light curves. -A 
___ These curves show considerable variat 
tion among Cepheid variables. In some, 2. 
curve is smooth. In others, a steep ascent : 
followed by a gentle downward slopê 


which me of course, that they brighten 
more rapidly than they grow faint. 


Almost all the changes in brightness in 
Cepheid variables are due to the changes in 
temperature at the surface of the stars. The 
surface is hottest when the star is the 
brightest and coolest when the star is the 
faintest. The coolest Cepheid variables 
have the longest periods. 

METHOD OF DETERMINING 

INTE -LLAR DISTANCE 

Early in the 20th century, a new and 
valuable method for determining interstel- 
lar distances was discovered by Henrietta 
S. Leavitt, an astronomer on the staff of the 
Harvard College Observatory. Her dis- 
covery was the result of a study she made 


of the Small Magellanic Clouds, in the 
southern heavens. This cloud is a nearby 
galaxy ı in Cepheid variables. Pre- 
of these stars were at about the 
ince from the earth. When Leavitt 
:d these Cepheids according to 
iod and brightness, she found 
efinite relationship existed. The 
brighter the star, the greater the time 
required to go through the period of 
change from one time of maximum bright- 
ness to the next. If the distance and actual 
luminosity of any one of the Cepheid vari- 
ables could be found, it would be possible 
to determine the luminosities and distances 
of other Cepheids from their periods. This 
conclusion was born out by Harlow Shap- 
ley’s investigations of variable stars in 
globular clusters. Astronomers now de- 
termined the distances of several of the 
brighter Cepheid variables. Then by using 
these results, they were able to calculate 
the distances of various other, generally 
fainter, Cepheids on the basis of the period- 
luminosity relationship. 

The Cepheids with like periods are 
assumed by the period-luminosity relation- 
ship to have the same intrinsic brightness. 
Consequently, the difference in observed 
brightness shows a difference in distance 
from us. We know that the light that we 
receive from a given source at a given dis- 
tance will be four times as great if we halve 
the distance and only one-fourth as great if 


we double the distance. Let us suppose, by 
way of example, that a lighted candle is 
held at a distance of four meters from us. If 
the candle is then set two meters from us, 
we receive four times as much light. If, on 
the other hand, it is moved to a distance of 
eight meters from us, we receive only a 
fourth as much light. Utilizing this law of in- 
verse relationship, we can tell that if a Ce- 
pheid variable appears to us to be sixteen 
times as bright as one with the same period 
and, therefore, the same intrinsic bright- 
ness, it must be four times nearer to us than 
the other Cepheid variable in question. 


QUASARS AND PULSARS 


Two more kinds of stars or starlike 
objects emit light and other kinds of radia- 
tion, such as radio waves, in varying quanti- 
ties. These are quasars and pulsars. Quas- 
ars have periods ranging from one day to 
several months. They may be extremely 
distant from earth— 1,000,000,000 light- 
years and more — yet they are very bright. 
A light-year is a measure of distance used in 
astronomy. It is the distance that light trav- 
els in one year, or approximately 9,600,- 
000,000 kilometers. If quasars are really 
millions and thousands of millions of light 
years distant and yet are so bright, they 
must radiate vast amounts of energy. As- 
tronomers who believe that quasars are this 
far distant can only guess about the source 
of all that energy. Other astronomers, how- 
ever, think that quasars are nearby —astro- 
nomically speaking, that is—and therefore 
that their energy output is not so great. 

Pulsars are stars that emit light and 
radio waves in very swift and regular pulses 
that last only a very small fraction of a sec- 
ond each. They seem to be far less distant 
than quasars — 100,000 light-years. 

Many astronomers believe that pulsars 
are very small stars, averaging only a few 
kilometers in diameter. They are thought to 
be extremely dense, with their matter con- 
sisting chiefly of subatomic particles known 
as neutrons. Pulsars are, in fact, sometimes 
known as neutron stars. They emit radia- 
tion in a tight beam, all the while rotating 
very fast. The overall effect has been lik- 
ened to a lighthouse with a rotating beacon. 
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INTERSTELLAR SPACE 


by Cecilia Payne-Gaposchkin 


The modern astronomer is not con- 
cerned only with heavenly bodies of consid- 
erable size, suchas the stars and the planets. 
He is also vitally interested in the gases, 
the solid particles of matter, and the atoms 
that are scattered through space between 
the stars. In the early 20th century this 
material was considered merely an obstacle 
to the study of the distant stars. The 
astronomer has come to realize, however, 
that interstellar ("between-star") matter is 
interesting in its own right. Today it is one 
of the greatest aids to our understanding of 
the structure and development of the stars 
and of the galaxies, or island universes, 
formed by associations of stars. 

About 100,000,000,000 stars make up 
the gigantic, flattened pinwheel that is our 
own Milky Way galaxy, in which the sun 
and the planets of the solar system are lo- 
cated. Light, which travels some 300,000 
kilometers a second, takes about 7,000 
years to cross the Milky Way. This gives 
some idea of its immensity. Vast as it is, our 
galaxy is not the only one. There are others, 
probably hundreds of millions, in the far 
teaches of space. Some of them are systems 
like our own. Others are quite different in 
shape and size. Interstellar materials are 
found in almost all of these numberless sys- 
tems of stars. We are beginning to suspect, 
too, that such materials also exist in the 
vast spaces between the different galaxies. 

Our first knowledge of interstellar mat- 
ter came from the bright diffuse nebulae — 
luminous clouds in the heavens. Perhaps 
the best known of these is the Great Nebu- 
la in Orion, faintly visible to the naked eye 
as a greenish blur. Hundreds of other bright 


near the Milky Way. Other galaxies, espe- 
cially those that 


tain bright nebulae. 
THE NATURE OF NEBULAE 


The early observers thought that 
nebulae like the one in Orion might really 
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consist of faint stars. As more powerful 
telescopes were built, astronomers tried 
to resolve the nebulae— that is, to break 
them up into stars. In certain instances, 
they were successful. Some o! the nebulae 
proved to be galaxies or smaller star groups. 
However, a great number of them could not 
be resolved in this way. When astronomers 
viewed them even through the most power- 
ful telescopes at their disposal, they could 


see only finely shredded, cloudlike struc- 
tures. Late in the 19th century, it was 
proved, through the use of the spectro- 
scope, that bright nebulae, such as the one 
in Orion, are not made up of stars 

The spectroscope and the instruments 
derived from it are, for the modern astron- 
omer, as important tools as the telescope. 
They enable us to learn about the heavenly 
bodies by decoding the messages that their 
light brings to us. White light is made up of 
all the colors of the rainbow. When the light 
of a star or of a distant galaxy passes 
through the spectroscope, the light is bro- 
ken up into a band of colors — spectrum. 
By the position and pattern of the lines of 
color in this band, we can tell what ele- 
ments, in the form of incandescent gas, are 
present in the heavenly body. Each element 
has its own distinguishing pattern of lines, 
With its own place in the long band of the 
Spectrum. " 

A spectrum that shines with definitely 
Separate, or discrete, colors is the earmark 
of a glowing, tenuous gas. The Great Nebu- 
la in Orion has just such a spectrum. Many 
other bright nebulae have spectra very like 
this and clearly also consist of glowing gas 


SOLID MATERIAL 


Not all the bright nebulae have gas- 
eous spectra, however. The spectrum of the 
nebulous material that surrounds the 
Pleiades, a cluster of rather hot stars, Te- 
sembles those of the bright stars within it. 
But we should be wrong in concluding that 
this nebula itself consists of stars. Actually, 


space may hold 

er to many ques- 

tions about the origin-and 
nature he universe. Is it 
the | from which 
Stars are made? Does it 
contain the building blocks 
of life? Astronomers are 
Seeking answers to these 
they focus their 

on various 

nebulae, including that 
near IC 2944 (above) and 
that near NGC 2264 (right). 
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it is simply reflecting the light of the bright 
Stars near it. We assume that it must con- 
tain solid particles, Otherwise, it would not 
be able to reflect Starlight as well as it does. 
It is probable that the Pleiades nebula con- 
tains not only solid particles but also gases. 
We have another way of knowing that 
solid matter is present in interstellar Space. 
Clouds of particles Screen off, or obscure, 
the light of more distant Stars. Some clouds, 
like the Coal Sack in the southern sky, are 
Opaque and have well-defined edges. 
Others can be located by the general dim- 
ming of the stars behind them and, what is 
more important, by the reddening of the 
starlight that passes through them. If the 
observed color of a star is redder than we 
know it should be, we can be Sure that it is 
screened by a cloud that is absorbing some 
of the starlight. We can also tell how much 
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Orion. It ar to the naked 
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a churning of glowing 
atoms, shir the light of 


a group of st ar it 
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of this obscuring material there is. Most 
this matter lies in the plane of the Milky 
Way. 

"Solid particles are not the only es 
ing bodies in the space between the sta s 
Individual atoms, too, can obscure ee 
light. Each atom absorbs radiation of a 
Same wavelength as the atom itself ero 
The radio telescope is a spectacular too A 
discovering the existence of atoms in -— 
stellar space. It detects electron sE 
radiation in the radio frequencies. lec- 
wavelength of red light (also a form of el i 
tromagnetic radiation), to which the ey é 
Sensitive, is about 0.000065 miller 
The radio telescope can detect jet 
With a wavelength of about 200 mi d 
ters. It happens that the atom of es 
commonest of all substances, emits rà ui 
tion of about this wavelength. A Du 


scientist br 


from hyd 
American 
to search 
terstellar 
detection 
gen mar 
astronom 


GLOWIN 


The 
lie near t 


haze, much I 


knots of 
Powerful 
tograph it 
times fair 
ion. Thi 
per cubi 
enormot 
They shi 


falls on them 


distant st 


The Milky W 
gen atoms 


liantly predicted that radiation 
xen should exist in the sky. 
iysicists built a radio receiver 
r it, and signals sent out by in- 
rogen were picked up. The 
radiation emitted by hydro- 
a new era in the history of 


SES 


right nebulae, as we have seen, 
ilactic plane. A fine gaseous 
‘inter than these conspicuous 
pas, pervades the Milky Way. 
truments are required to pho- 
»ectrum, for it is six thousand 
than the Great Nebula in Or- 

' contains about one atom 
ntimeter, on the average. The 
ajority are atoms of hydrogen. 
because of the radiation that 
the very faint light of many 
There is evidence that atoms 


of oxygen, nitrogen, and sulfur are also 
present. 

The bright gaseous nebulae are found 
only near stars whose light corresponds to a 
temperature greater than about 13,900* 
Celsius at the surface. The light of these 
nebulae shows the spectral colors (colors of 
the spectrum) characteristic of glowing 
hydrogen and also certain colors associated 
with helium, carbon, nitrogen, oxygen, sul- 
fur, and other atoms. The Orion nebula con- 
tains over three hundred atoms per cubic 
centimeter. Here, again, most of the materi- 
al is hydrogen. 

What makes these atoms glow? They 
are close to a hot star. The hydrogen and 
helium atoms absorb extreme ultraviolet 
light from the star and give it out again in 
the form of their particular radiations, or 
wavelengths. The oxygen, nitrogen, and 
sulfur atoms give out light after they 
collide with electrons that have been de- 
tached from other atoms — mainly hydrogen 


; pervaded by a fine gaseous haze, composed mainly of hydro- 
e atoms glow because radiation from distant stars falls on them. 


Yerkes Observatory. 


INTERSTELLAR SPACE 


203 


204 


atoms—by the high-temperature radiation 
of the star. If the material had densities 
comparable to those in stellar atmospheres, 
collisions with other atoms would, in a 
short time, rob these atoms of the energy 
conferred by the electrons. But the density 
of the nebulae — several hundred atoms per 
cubic centimeter—is so low that collisions 
may not take place for months. Under these 
conditions, the atoms of oxygen, nitrogen, 
and sulfur will radiate the lines seen in the 
nebular spectrum, which are called the for- 
bidden lines. They are “forbidden” only in 
the sense that they are suppressed under 
stellar or laboratory conditions by constant 
collisions with neighboring atoms. 

The bright nebulae that surround stars 
with temperatures less than 13,900° Celsius 
differ from nebulae such as the one in Or- 
ion. The nearby star gives out too little ul- 
traviolet light to excite the bright spectral 
lines. Here the major effect is the reflection 
of the starlight by solid particles. Though 
atoms will certainly be present, too, the star 
is not hot enough to give them the energy 
needed to make them glow. 


OUTLINING GALAXIES 


Interstellar hydrogen and solid parti- 
cles help us to make out the details of some 
of the galaxies. These are divided into sev- 
eral types. In the Spiral galaxies, huge, 
curving arms are set around a nucleus, 
Which may be Spherical or in the form ofa 
straight bar. Our Milky Way is a good ex- 
ample of a spiral galaxy. Other galaxies, 
called irregular, have no marked symmetri- 
cal form. Still others, the elliptical galaxies, 


are distinguished only by their elliptical 
shape. 


stellar hydrogen in the faint nebulosity of 
the Milky Way with the radio telescope, 


lar system. The gas lies most densely in the 
Spiral arms and thins out between them. 
The hydrogen is accompanied by absorbing 
particles, which follow the Course of the 
spiral arms. In the galaxy called the Great 
Spiral in Andromeda, the spiral arms are 
found to be studded with bright gaseous 
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nebulosities and associated with well- 
marked lanes of obscuring materials. 
The chaotic, irregular galaxies 
even richer in bright and dark nebulous 
material than the spirals. Many even of the 


featureless elliptical syste which con- 

tain few if any solid particles, are pervaded 

by a very diffuse haze of glowing atoms. 
Astronomers have found that several 


distinct clouds, moving with differen 
speeds, lie between us and many distant 
stars. Evidence has shown | 
rate clouds are associated 


spiral arms of our galaxy. Fach is moving 
with its own speed and is silhouetted 
against the light of very distant stars. 

The interstellar gases furnish evidence 
about conditions in space between the 
Stars. In the region of faint. hazy nebulosi- 
ty, the temperature of a solid particle would 
be a few degrees above absolute zero, 
which is —273* Celsius. The starlight fall- 


ing upon such particles is so faint that they 
are intensely cold. $ 

Like the glowing atoms, the solid inter- 
Stellar material tends to lie in the plane of 
our galaxy. From what we sec of other spi- 
ral systems, however, we may suppose that 
it is confined to the outer regions, and ab- 
sent from the center of our system. 


SMALL CRYSTALS 


Interstellar solids must be very finely 
divided to absorb as much starlight as they 
do. From studies of the motions of stars, We 
know that these solids cannot have a den- 
sity greater than 0.0000000000000000000- 
00008 grams per cubic centimeter. At & 
density as low as this, the particles may 
have diameters of about 0.000015 centime- 
ters. However, the size required to account 
for the observed absorption depends of 
Whether the particles are metallic or not. 

they are metallic, they need not be $0 
small. Metallic atoms do not seem to P 
dominate in the universe. In the sun, whic 
is a fairly typical example of cosmic ma 
terial, there is less than one metallic atom 
in six thousand. 

The extremely high reflecting power 
greater than that of snow —of nebulae sug- 
gests that most of the solids in space af 


Interstellar hydrogen and solid particles have helped to deter- 
mine the outlines of many galaxies. In many spiral galaxies, 
such as NGC 4826 (above) and NGC 4565 (right) in Coma Ber- 
Mm solid interstellar material tends to lie in the plane of the 


tiny frozen crystals of compounds of the 
commonest chemical elements. Perhaps 
they are substances such as ammonia, 
methane, and even water, built of the cos- 
mically common atoms of hydrogen, car- 
bon, nitrogen, and oxygen. 

Other evidence indicates that the inter- 
stellar particles must be elongated crystals, 
for the light of the distant stars is polarized. 
This means that the light vibrations tend to 
be lined up perpendicularly to the light ray. 
The polarization is associated with inter- 
stellar reddening. Spherical particles would 
not have this effect. Moreover, the particles 
Seem to be lined up more or less parallel in 
any one region. 

There is much controversy as to how 
these observations should be interpreted. 
The consensus is that the elongated parti- 
cles are lined up by magnetic fields in inter- 
Stellar Space. One theory suggests that 
Small highly magnetic particles are embed- 
ded in the icy grains. 

Interstellar matter does not serve 
Merely as a space filler, but rather is impor- 


Both, Mount Wilson and Palomar Observatories 


tant in the formation of stars and galaxies. 
It is believed that, under the right condi- 
tions, an interstellar cloud of gas and dust 
will condense and assume a spherical 
shape. This sphere is a protostar, or early 
stage, which will eventually lead to the 
birth of a new star. 

Radio telescopes have detected a vari- 
ety of chemical elements and compounds in 
space. These substances exist as individual 
atoms, as molecules, or parts of molecules. 
Many of these molecules are biological 
in nature. That is, they are chemically iden- 
tical to substances found in or produced by 
living things on earth. Among them are 
hydrogen, water, ammonia, and carbon- 
containing compounds such as formalde- 
hyde and cyanogen. A number of scientists 
believe that these interstellar materials may 
be the building blocks from which life as we 
know it could develop elsewhere in the uni- 
verse. Thus the study of interstellar space, 
particularly by means ofthe radio telescope, 
is extending the science of astonomy into 
the realm of biology. 
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The Eta Carinae Nebula, a glowing beauty in the Milky Way. 
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The Milky Way 
striking sights in the 
faint to be seen in 


We know today that the Milky Way 


forms part of a vast System of stars, to 
Which our sun belongs. In the past, how- 
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ever, the Milky Way was a celestial puzi 
It was explained in various ways in ara 
and Roman mythology. Some writers calle 
it the highway of the gods, leading to e 
abode on Mount Olympus. Others held 
it sprang from the ears of corn dropped 7 
the goddess Isis as she fled froma pursuer. 
Still others believed that th y Won 
marked the original course of the sun £0! 
as he sped across the skies in his chano 
In medieval times pilgrims asoci 
the Milky Way with their journeys to kn 
ous sanctuaries. In Germany, for examp! a 
it became known as Jakobsstrasse, st 
James’ Road, leading to the shrine of 5t. 


Dennis Croig Stoyer, courtesy of ASTRONOMY magazine. 


The Lagoon and Trifid Nebulae, part of the constellation Sagittarius. 


James at what is now Santiago de Com- 
rg in Spain. In England it was called 
Walsingham Way. It v sociated 
With the pilgrimages to the famous shrine of 
Wal ngham Abbey. The pilgrims of those 
days did not seriously believe that the Milky 
Way had anything to do with their travels. 
Rather, they saw it lying overhead, a misty 
Path in the heavens and their belief in the 
ie Mei kinship of all things caused them 
o find comfort in its presence. 
e best time to see the Milky Way is 
Pt: autumn or winter evening (in the 
sting as we pointed out). It is then high- 
he heavens and therefore its light is 
t affected by our atmosphere. It is seen 
theetiasce vast, ragged semicircle over 
Hos ies of the Northern or the Southern 
emisphere. Actually, it traces a rough cir- 


cle, for it is continued in the other hemi- 
sphere. 
IRREGULAR SHAPE 


The path traced by the Milky Way is 
full of irreglarities. It is by no means a sim- 
ple stream of stars. Its average width is 
about twenty degrees, but it varies consid- 
erably, both in width and in brightness. 
Even with the naked eye, one can make out 
something of its irregular detail when the 
atmosphere is unusually clear and there is 
no moon. When viewed under such condi- 
tions through a good telescope, the Milky 
Way is a truly exciting spectacle. 

Its general effect hi been likened to 
that of an old, gnarled tree trunk, marked 
here and there with prominent knots. As 
details become clearer in a telescopic view, 
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The southern Part of the Milky Way, showin 
Sack, This “inky-black hole” is really a mas: 
by bright stars, 


we see that at one point the Milky Way may 
Consist of separate stars Scattered irregular- 
ly upon a dark background, Elsewhere, 
there are gorgeous star clusters, In many 


places, the track is engulfed in nebulosity, 
in which a great many stars are embedded. 

A powerful telescope reveals a great 
many dark bands in the Milky Way. Some- 
times these dark bands are parallel; some- 
times they radiate like branches from a 
common point; sometimes they are lined 
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Y magazine. 


g the dark nebula called the Coal 
S of obscuring matter, Surrounded 


with bright stars. In certain places, € a 
quite black, as i utterly void of conter -if 
others, they are slightly luminous, as 
powdered with small stars. 


THE COAL SACK AND OTHER DARK 
AREAS 


Large, dark areas occur here and pee 
The most famous of these is the pee 
Coal Sack, which is near the constella ‘he 
called the Southern Cross. Just before 


Diagram of the Milky Way, edge on, showing stars and clusters. The sun is about 
two thirds of the way from the center. 


Milky Way divides into two branches in the 
southern constellation Centaurus, it broad- 
ens. It now becomes studded with a collec- 
tion of brilliant stars, so that this is one of 
the most resplendent areas in its whole 
course. Right in the center of this host of 
bright stars, near the four stars that form 
the Southern Cross, is the inky black cav- 
ern of the Coal Sack. 

The Coal Sack is by no means unique. 
There are many similar black areas in the 
Milky Way, though they are generally less 
clearly defined and less striking in appear- 
ance. The American astronomer Edward 
E. Barnard described one of these, in the 
Constellation Sagittarius, as “a most 
remarkable, small, inky-black hole in a 
crowded part of the Milky Way, about two 
Minutes in diameter, slightly triangular, 
with a bright orange star on its north north- 
westerly border, and a beautiful little star 
cluster following.” 


STUDYING THE SYSTEM 


As we pointed out, the starry band that 
extends across the heavens is really part of 


a galaxy, or system of stars. Every star that 
can be seen with the naked eye belongs to 
this vast system, including our sun and the 
other members of our solar system. 

Various methods have been used to 
solve the mystery of its structure. The 
18th-century German-English astronomer 
William Herschel decided to attack the 
problem by making a survey of the stars. 
He called his method “star gauging.” It 
consisted of counting all the stars visible in 
a reflecting telescope that had a 45-centi- 
meter mirror and a field 38 centimenters in 
diameter. 

The Dutch astronomer J. C. Kapteyn 
developed an even more elaborate method 
for determining the distribution of stars in 
the heavens. He selected 206 areas distribu- 
ted uniformly over the whole sky, and he 
urged astronomers to determine the appar- 
ent magnitudes and other data for all the 
stars in these regions. A number of the 
great observatories of the world took part 
in the cooperative venture suggested by 
Kapteyn. Two outstanding contributions to 
the program are the Mount Wilson Cata- 
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logue and the Bergedorfer Spectral-Durch- 
musterung (Bergedorf Spectral Catalogue). 
The latter gives not only the apparent mag- 
nitudes of the stars but also the spectral 
classes of the stars. 

Another way of determining the di- 
mensions and structure of our galaxy is to 
observe the positions and distances of some 
of its members, such as the Cepheid vari- 
ables. We can find the approximate dis- 
tances of these star groups from the earth if 
we know their apparent magnitudes. 

The chief difficulty in determining the 
extent and structure of our galactic system 
is that we are embedded in it so deeply that 
we cannot obtain a comprehensive idea of it 
through mere observation. It is almost as if 
we were required to make a map of New 


Both photos: ©) California Institute o 
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York City, for examp 
point somewhere in a 
the Bronx. However, 
over-all view of a num! 
such as the magnificent 
dromeda (Messier 31) 
Canes Venatici (Messi 
us to draw a number 
sions about our owr 
telescope has also pro 
about our galactic syste 


A SPIRAL GALAXY 


om a vantage 
led section of 
) have a clear 
ther galaxies, 
galaxy in An- 
Whirlpool in 
hey enable 
ible conclu- 
The radio 
information 


An analysis of our 
the methods described 
most of the stars it co 
into a sort of wheel witt 
When viewed edge on 
look something like the il 
209. Of course, since the 
is located within the wh 
the wheel edge on. We inf 
viewing other galaxies w! rm we can 
make out and think are ar. Our sun 
does not lie anywhere ne e center, or 
hub, of the wheel. It is distance of 
about two thirds of the wav from the center 
to the outer rim. The wh: a whole is 
inclined at an angle of 62° to the plane of 
the celestial equator 

The stars that make up the wheel show 
a distinct spiral pattern. Astronomers there- 
fore classify our galaxy as a spiral galaxy. 
The spiral arms spring from a nucleus of 
core at the center of the galactic system. 
In the spirals, we find individual bright 
stars, star clusters, bright nebulae, and à 
great deal of obscuring matter. This obscur- 
ing matter is made up of dust particles and 
various gases. The general haze it causes 
has been detected through the dimming and 
reddening effects that it produces. 


DARK NEBULAE 


system by 
idicates that 
re crowded 
ounced hub. 
eel and hub 
tion on page 
ur own star, 
cannot see 
shape from 


. The name "dark nebulae" has Er 
given to the masses of obscuring matte 
Which have no stars nearby to illuminate 


Planetary nebulae are huge clouds of luminous 98 
Surrounding a very hot star. They are usually ale 
tinct and symmetrical. At left, two planetary nebu; 
lae: the Ring nebula in Lyra (top) and the Dumb 
bell nebula in Vulpecula (bottom) 


The Pleia alactic, or open, 
cluster of The gas and dust 

he rlight to form 
diffuse net round the stars. 


© California Institute of Technology ond Carnegie Institution of Washington 


them. Sc of them can be seen quite the Sack as an optical illusion. This hypothe- 
clearly with the naked eye and have been sis never seemed too convincing, how- 
known t tronomers for a long time. The ever, One could not explain away the sharp 
earlier : omers thought of them as gaps distinctness of the outline of the Coal Sack, 
in the st firmament. The dark nebulae, its huge size, its utter darkness, and the even 
or mass¢ obscuring matter, cut off our brightness of the starry edge surrounding it. 
view of vast numbers of stars that lie be- The existence of obscuring matter, now ful- 
yond them. To obtain an approximate id ly proved, offers a simple explanation of 
of the for f the galactic system, certain what was once a mystery. 
S rs have counted the stars in various STAR CLUSTERS 


ky and have then made allow- ; : 
ances for obscuring matter and esti- The clouds and wisps of bright nebu- 


mated the form of the galaxy. losity that we menti ned before are the 

Obscuring matter is respo bright nebulae, w atoms have been 
large dark areas such as the Coal Sack. At excited by the hot stars in the vicinity or 
one time, the attempt was made to explain else reflect the light of nearby stars. 


The Rose Nebula in Monoceros. The globules of lu us gas surrounding 
the very bright tral stars are thought to be contracting to form new stars. 
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lt is interesting to note that the most 


are sometimes called “open c 
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Left, top: the Crab Nebula the remnant 


of a violent supernova ex that occurred in 
1054 A.D. Left, bottom: t bula, a cloud of 
glowing gas and dark t. in the constel- 


lation Sagittarius 


The globular clust 
through a roughly sphe: 
by the plane of the ga 
astronomer Harlow Sh 
main aggregation of 
system is arranged in tl 
and that this is enclosed 
lar haze of stars— glo 
others. Globular cluste: 
respects from the galactic 
thing, each one contain: 
sands of stars, or perh 
compactly and symm« ly 
They are comparatively { 
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e distributed 
zion bisected 
he American 
held that the 
the galactic 
n of a wheel 
ughly globu- 
lusters and 
er in many 
ters. For one 
eds of thou- 
en millions, 

grouped, 
'as or dust. 


The core or nucleus alactic sys- 
tem is so heavily obscur clouds of 
dust that astronomers ha very imper- 
fect idea of its structure. It has never been 
Successfully observed photographically. 


With the aid of the radio telescope, how- 
ever, we have been able to determine the 
tion of stars 
ted that these 
ke one half of 


Stars account for something 
the total mass of our galactic system. 


THE ROTATION OF OUR GALAXY 


The entire galactic system is rotating 
around an axis which is at right angles to 
the wheel of stars. Outside the dense nucle- 
us of the galaxy, the speed of rotation de- 
creases and the period increases with great- 
er distance from the center. Corresponding 
differences in period and speed can also be 
noted in the planets that revolve about the 
center of the solar system — that is, the sun. 
The nearer a planet is to the sun, the faster 
it revolves around it and the shorter the Pe 
tiod of revolution, For example, in the case 
of Mercury, the planet nearest the sun, the 
Period is only 88 days, compared with the 
Period of 248.43 years of the planet Pluto. 
Whose orbit is farthest from the sun. 

Obviously, then, the stars between the 
Sun and the galactic center go around the 


center of 
sun does 
it. On tl 


sun and t 


around 
more slo 


they lag f 


in their ^ 
THE DIN 


In ti 


you SOr 
Astrono 
dimensi 
based o: 
able st: 
the visi 
ic analy 
vealed 

dimensi 
when w 


tem, va 
infinite: 
tem. TI 
galaxy 
smallest 
seek to g 


galaxy more rapidly than the 
eventually overtake and pass 


er hand, the stars between the 


uter rim of the wheel revolve 


center of the galactic system 
than the sun does. As a result, 


r and farther behind our star 


ing. 
ONS OF OUR GALAXY 


regoing pages, we have given 


>a of the form of our galaxy. 


iave also sught to discover its 
space. Recent researches, 
udy of special types of vari- 
e Cepheid variables) and on 
'tographic, and spectrograph- 
globular clusters have re- 
extraordinarily great these 
e. This is natural enough 
ider that our own solar sys- 
complex though it is, is an 
small part of the galactic sys- 
nates of the dimensions of our 
considerably, but even the 
Imost overpowering when we 
heir significance. 


A nearby planetar 


According to one of the “small” esti- 
mates, made by the American astronomer 
Heber D. Curtis, a pulse of light, starting 
from one edge of the galactic system and 
traveling at the speed of over 300,000 kilo- 
meters a second, would take from 20,000 to 
30,000 years to reach the other edge. Ac- 
cording to Harlow Shapley, Curtis's esti- 
mate, staggering though it may seem to us, 
was far too modest. If we are to accept 
Shapley's figures, we must tax our imagina- 
tion still further. He maintains that it would 
take about 100,000 years for a pulse of 
light to travel from one confine of the gal- 
axy to the other. In other words, the dia- 
meter of the galactic disk is approximately 
100,000 light-years. 

We must remember that our galaxy, of 
which the solar system forms a part, is only 
one of millions of other isolated galactic 
systems. Each of these island universes 
contains millions upon million of stars. The 
nearest—two irregular ones, called the 
Magellanic Clouds— are about 100,000 
light-years distant from us. 

Beyond that distance, the heavens are 
studded with galaxies. When we reach the 


y nebula — NGC 7293, found in the constellation Aquarius. 


Société Astronomique de Suisse 


THE MILKY WAY 


213 


| 


214 


Galactic cluster NGC 457 in the constellation Cassiope 
the association of stars is not as complex and condensed a 


limit of vision— two thousand million light- 
years—with our greatest telescope, the 
500-centimeter giant of Palomar Mountain, 
the island universes show no signs of thin- 
ning out. It is clear that this telescope, 
gigantic though it is, has not yet reached the 
extreme "edge" of the universe. With 
improvements in instrumental and photo- 
graphic technique, it may be possible to ex- 
tend our horizons still farther. 


THE "EDGE" OF THE UNIVERSE 


Whether we shall ever approach the 
"limit" of the universe is extremely doubtful 
in view of a certain sobering Consideration, 
If the universe is 10,000,000,000 years old, 
as some scientists believe, our horizon will 
be limited to a distance of 10,000,000,000 
light-years from the earth, even if the 
universe actually extends far beyond that 
distance. The reason is that the light 
from galaxies beyond that mark will not 


waves emanating from such galaxies, since 
light waves and radio waves travel at the 
Same speed —roughly, 300,000 kilometers 
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per second. Such galaxie 
remain a deep mystery 


unless some hitherto unsus 


of detecting them is discos 
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Is the entire universe stil exe 
eventually see signs of an “edge 
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GALAXIES 


by Gerard de Vaucouleurs 


Gal ure vast systems of stars. Our 
own sta sun, is a part of the galaxy 
known Milky Way. Galaxies popu- 
late the is of space out to the limit of 
penetrat f the largest telescopes. The 
total nu it could be photographed 
with the centimeter telescope on Palo- 
mar Mo | may come to a thousand mil- 
lion or s is reasonable to assume that 
many n uld be brought into view with 
aneven nx »owerful telescope. 


EARLY ABOUT GALAXIES 


that stellar systems existed 
Milky Way galaxy had been 
»hilosophers and astronomers 
eighteenth century. In the 
century, the great Ger- 
Immanuel Kant advanced 
the theory that the celestial objects ob- 
served as f izy patches of light and 
called nebulae were really systems of stars. 
Kant's theory was confirmed toward the 
end of the eighteenth century by the British 
astronome liam Herschel. With the aid 
of lar, cting telescopes that he himself 
built, Herschel discovered thousands of 
new nebulae. In the early nineteenth centu- 
ry, the German scientist Alexander von 
Humboldt gave the nebulae the picturesque 
name of "island universes." Few astrono- 
mers of that period doubted that the nebu- 
lae were really made up of stars. It was be- 
lieved that with the use of more powerful 
S ible to make out 
ividual stars in an island universe. 

The problem of the nature of the neb 
lae was reopened in 1864. In that year, the 
British amateur astronomer William Hug- 
gins observed that many of the irregular, 
diffuse nebulae, such as the one in the con- 
Stellation Orion, were composed, not of 


Top: the Andromeda galaxy, a large spiral galaxy 


that is a member of a local cluster that also in- 
cludes our Milky Way system. Middle: galaxy M82, 
an extremely active galaxy. Bottom: photo showing 
typical spiral galaxy with arms spiralling around a 
Central core known as the nucleus. 
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CLASSIFICATION OF GALAXIES 


EO 
"^" © 


al Galaxies 


eset 


Edwin P. Hubble's System, 
the classification of galaxii 
has been accepted with so 
omers the world over. 


summarized above, for 
es into four main types 
me revisions by astron- 
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| gas. The 
of isolated 


Stars, but of extremely rare 
spectrum of this gas consist rte 
bright lines, of which a pair de ud 
were the most conspicuous. On the othe 
hand, other nebulae, like the one in the con- 
stellaion Andromeda, were whitish in 
color, and their spectra appeared more or 
less continuous, like that of our own pel 
the sun. Apparently, then, there were 3 X 
kinds of nebulae — one kind made up of gas- 
es, the other of stars. of tte 
It was not until the first quarter oft 

twentieth century that the full meaning of te 
distinction between the gaseous nebulae al 
the stellar nebulae was firmly established: 
The existence of “extragalactic nebulae 
(galaxies outside the Milky Way 

was then placed beyond doubt. Thi » 
to the work of the American astronomel® 
Heber D. Curtis and Edwin P. Hubbie= pi 
ticularly Hubble. In the years between of 
and 1936, Hubble pushed the explor Be, 
extragalactic space from the nearer Ws 
axles, at distances of the order of a ra 
light-years, to the limit of penetrate t 
of the 250-centimeter telescope at Moun 
Wilson Observatory, at distances a thou 


Three views of the Whirlpool galaxy. Left: a co 
corner: a radio photograph,” produced by pr 
image. Above: a radio-wave “map” superimposed 
map lines, the more intense the radio waves. 


sand times greater. (A light year is a unit of 
distance used in astronomy. It is equal to 
the distance that light travels in one year, or 
approximately 9,500,000,000,000 kilome- 
ters.) The more distant galaxies that 
have been photographed with the 500- 
centimeter telescope on Mount Palomar 
in California may be at distances of several 
thousand million light-years. 


CATALOGUES AND GALAXY COUNTS 


The first catalogue of nebulae and star 
clusters was published in 1782 by the 
French astronomer Charles Messier. The 
numbers in his catalogue are still in use for 
the brightest objects that he listed. For 
example, the Andromeda nebula—which 
We now know to be a galaxy —is often re- 
ferred to as Messier 31, or M 31. 

In the year 1783, William Herschel, in 
England, began a series of systematic Sur- 
veys of the northern skies. His work was 
continued and extended to the Southern 
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nventional photo of the galaxy. Above right 
ocessing radio data to obtain a visual 
ona conventional photo. The closer the 


Hemisphere by his son, John Herschel, 
who published in 1864 a General Cata- 
logue of 5,000 nebulae and clusters. In 
1888, John L. E. Dreyer, of Armagh Ob- 
servatory, Ireland, published a New Gen- 
eral. Catalogue. (NGC), which included 
7.814 objects. Two supplements, issued in 
1895 and 1908, brought the total of cata- 
logued nebulae and star clusters to over 
13,000. The NGC numbers are in universal 
use: for instance, the Andromeda nebula is 
NGC 224, as well as M 31. 

After the introduction of photography 
in astronomy, the number of recorded neb- 
ulae increased rapidly. Photographic sur- 
veys and counts of all galaxies of a certain 
brightness began to be compiled. One of the 
first, published in 1932 at the Harvard Col- 
lege Observatory by American astrono- 
mers Harlow Shapley and Adelaide Ames, 
included 1,249 galaxies brighter than the 
thirteenth magnitude. 

Magnitude is a measure of the appar- 
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Line of Sight 


ee — f 


\ 
Less than 
90° 


Suppose a galaxy is inclined to the observer's line 
of sight at an angle of less than 90 degrees, as in A 
above. Then one side of the galaxy would be mov- 
ing away from the observer, and the lines of a spec- 
trum taken of this section would be displaced to- 
ward the red part of the spectrum. But the other 
side of the galaxy would be moving toward the ob- 
Server, and the lines would be displaced toward the 
blue part of the spectrum. If a galaxy is seen face- 
on, as in B, its rotation cannot be determined by an 
examination of the lines of its Spectrum 


ent brightness of a star. In early catalogues, 
first magnitude was assigned to the bright- 
est stars; sixth magnitude to those just visi- 
ble with the naked eye. Later as powerful 
telescopes revealed Stars never seen be- 
fore, the scale of magnitude was extended. 
The faintest stars that can now be observed 
are of about Magnitude 23, A few Stars 
brighter than those assigned first Magnitude 
have also been found. These very bright 
Stars are given negative Magnitudes. The 
brightest star in the sky is the sun, givena 
magnitude of —26.72. 
Exhaustive counts of galaxies brighter 
than the eighteenth magnitude have been 
made by the American astronomer Charles 
D. Shane and his collabo 
Observatory, in California, In 1936, Hub- 
ble published a Series of i 
the twentieth magnitude i. 
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sphere. From such count: these, it has 


been estimated that t! are about 
1,000,000 galaxies brighter than magnitude 
18 and over 50,000,000 brighter than mag- 


nitude 21. 


The different catalog and counts 


that have been prepared istronomers 
from Messier's time to t! esent have 
provided the material for s s of the dis- 
tribution of the galaxies 

APPEARANCE AND CLAS TION 


As we have pointed « 
lactic nebulae appeared in 
scopes of the early obser: 


the extraga- 
small tele- 
s faint, dif- 


fuse patches of light. The med to be 
either circular or elliptical rnal struc- 
ture was first noted when lar telescopes 
became available. In 184 ord Rosse 
(William Parsons) and hi sistants, at 
Parsonstown in Ireland, discovered that 
certain nebulae were spiral in form. 

In 1925, Hubble prop: la galaxy 
classification that has been epted, with 
certain modifications, by astronomers the 
world over. In its original form the classifi- 
cation divided galaxies into fi nain class- 
es, as follows: 

(1) The ellipticals (E). They have a 


Smooth structure, from a bright center out 
to vaguely defined edges. 

(2) The normal spirals (S). They show 
spiral arms or whorls emerging from a 
bright nucleus. em. 

(3) The barred spirals (SB). Their spi- 
ral arms emerge at the extremities of a bar 
across the nucleus. 

(4) The irregular galaxies (1). Someof 
these are of the same type as the two gal- 
axies called the Magellanic Clouds and are 
Classified as magellanic irregulars (Im). 
Others are so chaotic in appearance that 
they are simply listed as irregulars (D. 
Hubble distinguished three stages among 
both normal and barred spirals, labeling 
them a, b, and c. The relative size of the 
nucleus decreases from a to c; the develop- 
ment of the arms increases from a to C. 

The Hubble classification has been 
revised in order to include certain new 
types and subtypes. The classification now 
includes the lenticular type (SO), having 


the form of a double-convex lens. This 
class combines the smooth structure of the 


ellipticals with the luminosity distribution 
of the spirals. New stages d and m have 
been added to the spirals. These stages 
form the transition between stage c and the 
magellanic irregulars (Im). 


STAR POPULATIONS 


The German-born astronomer Walter 
Baade distinguished two basic types of star 


populations in galaxies, as follows. 

Type | is found in irregular galaxies 
and along the arms of spirals. It includes 
the stars called blue giants, blue super- 


giants, and red supergiants. The regions 
where these stars occur are characterized 
by the presence of interstellar gas and dust 
and by bright regions of glowing hydrogen 
gas, ionized by the ultraviolet radiation of 
hot stars 

Type IL is found in elliptical and lentic- 
ular galaxies and in the nuclear regions of 
spirals. It includes red giant stars, subgiant 
stars intermediate between the giants and 
the dwarfs, and probably also subdwarf 
Stars. 

Types I and II are usually mixed in 
galaxies. At first, astronomers believed that 
the ellipticals are composed mostly of type 
II stars and the magellanic irregulars of 
type I stars. However, later studies indi- 
cated that the diversity of stellar popula- 
tions is probably greater than was first real- 
ized by astronomers. 


DISTANCES OF GALAXIES 


In order to determine the distances of 
galaxies outside of our own, we must first 
set up an absolute distance scale for stars in 
our own galaxy. The direct method of mea- 
suring distances by parallax would be of lit- 
tle use here, since it would apply only to 
stars within a radius of about 300 light- 
years—and our galaxy is about 80,000 
light-years in diameter. Hence we have to 
adopt indirect methods, based on the prop- 
er motions, or apparent drift, of stars In 
the galaxy, their radial motions, their appar- 
ent magnitudes, and so on. By means of 
these methods, we can establish the dis- 
tance and the intrinsic brightness of various 


types of stars in our galaxy. If similar star 
types can be recognized and observed in 
other galaxies, they can be used as indica- 
tors of distance. 

The extragalactic distance scale has 
been revised several times since 1952 and 
is still provisional. The following values for 
the nearer galaxies are often adopted: 


Distance in millions 
of light-years 


Magellanic Clouds 0.2 
Andromeda group 2 
Ursa Major group 8 
Virgo cluster 39-52 


For more distant galaxies, astronomers 
can make only rough estimates, ranging up 
to several hundred millions of light-years. 
The faintest galaxies that can be observed 
with the most powerful telescopes may be 
several thousand million light-years away. 


DIMENSIONS OF GALAXIES 


Once the distance of a galaxy is known, 
its intrinsic (actual) dimensions can be de- 
rived from its apparent dimensions, mea- 
sured on a photographic plate. However, 
since the galaxies do not have sharply 
defined boundaries, it is difficult to deter- 
mine these dimensions exactly. To com- 
pare the dimensions of galaxies of various 
types, it is necessary to study a fairly large 
number of them. They must all be observed 
under the same conditions. 

Generally speaking, galaxies vary in 
size from dwarf systems having diameters 
of 10,000 light-years or thereabouts, to 
giant systems with diameters ranging up to 
100,000 light-years. Dwarf galaxies are 
many times more numerous than the giants. 


SPECTRAL TYPES AND COLORS 


The first spectrogram of a galaxy, the 
Andromeda nebula, was obtained in 1899 
by the German astronomer J. Scheiner at 
Potsdam Observatory. It showed absorp- 
tion lines similar to those found in the spec- 
trum of the sun. In addition to absorption 
lines, the spectra of some galaxies show 
bright emission lines, like those of gaseous 
nebulae in our own galaxy. 

The system of spectral classification 
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The flatness of galaxies seen edgewise and their 
spiral arms suggest their rotation. 


adopted for stars was extended to galaxies 
by W. W. Morgan at Yerkes Observatory. 
Of course the spectrum of a galaxy is a 
composite of the spectra of all the stars it 
contains. The following main spectral types 
can be recognized: B, A, F, G, and K, cor- 
responding respectively to blue, white, yel- 
low, orange, and red stars. These different 
types correspond to variations in the stellar 
populations of galaxies. 


ROTATION AND MASSES OF GALAXIES 


The flatness of many galaxies, when 
seen edgewise, and the presence of Spiral 
arms suggested very early that the stars 
that composed them were rotating around 
the nucleus or center of these systems. The 
rotation of a galaxy can be observed and 
measured by the displacement of the lines 
in its spectrum, compared with reference 
lines in the spectrum of a fixed terrestrial 
object. If the galaxy is inclined to the line of 
sight at an angle of less than 90°, one side is 
moving away from the observer, and the 
lines of this section are displaced toward 
the red part of the spectrum. The other side 
is approaching, and the lines are displaced 

toward the blue part of the spectrum. This 
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»tory Photo 


Horvord College Observotory 


Two types of galaxies: a barred spiral galaxy 
(above), identified as NGC 1300, and the Large 
Magellanic Cloud (below), an irregular galaxy. 


is called the Doppler effect, after its discov- 
erer, the Austrian physicist Christian Dop- 
pler. The over-all effect of the rotation re- 
sults ina shift of the spectral lines except in 
the center of the galaxy. For a galaxy seen 
face-on, the rotation cannot be detected by 
an examination of the lines in its spectrum. 
The velocity of rotation of any part of a 
galaxy is affected by its distance from the 
nucleus. The period of rotation increases 
outward from a few million years near the 
nucleus to a few hundred million years in 
the outer region. Stars, interstellar gas, and 
dust all partake in the rotation, with about 


the same velocity. 

If we can determine which side of a 
spiral galaxy is nearer to the observer, we 
can determine the direction of rotation of 
the spiral arms. In all the cases studied, the 
arms were found to be trailing in the rota- 
tion. 

We have just pointed out that the ve- 
locity of rotation is affected by the distance 
from the nucleus. If we analyze the varia- 
tions in velocity, we have a method for de- 


termining the masses of galaxies. They 
range from a few thousand million times the 
mass of the sun, for dwarf systems, to sev- 


eral hundred thousand million times the 
solar mass, for giant systems. 


PAIRS, GROUPS, AND CLUSTERS 


Galaxies occur frequently in pairs, 
triplets, and larger groups. The Large and 
Small Magellanic Clouds, in the southern 
skies, form a close pair, which is associated 
with our own galaxy to form a loose triplet. 
The Andromeda nebula (M 31) is the major 
member of a close triplet that includes M 
32 and NGC 205. A score of nearby gal- 
axies are members of the so-called Local 
Group of galaxies. Our own galaxy, M3I 
(the Andromeda nebula), and the Magellan- 
ic Clouds form part of this group, which is 
about 2,000,000 light-years across. More 


Galaxies often occur in pairs, which may f 
may, in turn, be parts of still larger groups. 


Clouds form a close pair of galaxies. This pair is as 
galaxy to form a loose triplet. The members of the tri 


cluding the Andromeda Galaxy, make Up 


about 20 galaxies and is about 2,000,000 light years across. 


Local Group may be part of a Local Supercluster. 


Our Galaxy 


Large Magellanic. (Milky Way) 
Cloud i 


Small Magellani 
Cloud 


distant groups have also been observed. In 
many regions of the sky, galaxies form cir- 
cular or elliptical clouds of roughly uniform 
density. In irregular, loose groups the great 
majority of the members in these clouds are 
spiral galaxies, with very few ellipticals or 
lenticulars. In dense groups, the elliptical 
and lenticular galaxies predominate. 

In some areas, there are huge clusters, 
consisting of hundreds and often thousands 
of galaxies. Such is the Virgo cluster which, 
at a distance of about 40,000,000 light- 
years, has a diameter of about 7,000,000 
light-years. At still greater distances, even 
larger and denser clusters have been ob- 
served. The great majority of members of 
these big clusters are elliptical and lenticu- 
lar galaxies. The nearest of these, the Coma 
cluster, is at an estimated distance of 
120,000,000 light-years. It has a total popu- 
lation of more than 10,000 galaxies in all 
and a general diameter of from 20,000,000 
to 25,000,000 light-years. 

Evidence has been obtained that at 
least certain clusters form still larger 
groups, called superclusters. Evidence has 
been presented for the existence of a Local 
Supercluster. This flattened system seems 
to include about a thousand of the brighter 
clusters of galaxies and probably several 
thousand of the fainter ones. The Virgo 


orm part of larger groups. The larger groups 
For example, the Large and Small Magellanic 
ssociated with our own Milky Way 
plet and various other galaxies, in- 
the Local Group. The Local Group includes 


There is evidence that this 


Triangulum Galaxy M33 @ 


Andromeda Galaxy M31 Gow 
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Cluster is at the center of the system. The 
Local Group, of which our own galaxy is a 
member, is apparently not far from the 
edge. The overall diameter of the Local 
Supercluster is about 130,000,000 light- 
years; its thickness, about 30,000,000 light- 
years. The flattening of this supercluster 
suggested that it might be rotating. The 
rotation was confirmed in 1958 through an 
analysis of the velocities of several hun- 
dred bright galaxies. 


INTERACTIONS BETWEEN GALAXIES 


The close grouping of galaxies occa- 
sionally brings out spectacular interac- 
tion effects between neighboring systems. 
These effects have been specially investi- 
gated by F. Zwicky, at the Palomar Moun- 
tain Observatory. He found that they take a 
great variety of forms, depending on the 
distance between the galaxies, their sizes, 
their masses, and probably various physical 
properties still little understood. Very of- 
ten, ribbonlike filaments of matter stream 
out from one galaxy to another. A filament 
may also emerge in the opposite direction. 
In certain cases, the outer arm of a Spiral 
Joins with a corresponding arm of a neigh- 
boring galaxy. When two galaxies are in 
collision and intermingle, vast antennalike 
Streamers emerge from a chaotic central 
mass. In a few instances, galaxies which 
seem isolated display various distortions 
for Which no visible companion can be con- 
Sidered responsible. 


RED SHIFTS AND RECEDING GALAXIES 


We have already pointed out that the 
Doppler effect provides a means for deter- 
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mining whether a star or group of stars is 
receding from an observer or whether it is 


approaching him. The first rsdial— that is, 
line-of-sight— velocities of galaxies were 
measured between 1917 and 1926 by the 


Atherican astronomer Vesto M. Slipher at 
the Lowell Observatory in Arizona. Except 
for a few of the nearest galaxies, they were 
recession velocities; the galaxies were mov- 


ing away from the earth. In 1929, Hubble 
discovered that the greater the distance of 
a galaxy, the greater its recession velocity, 


Galaxies are speeding away from us at 


a truly awesome rate. Milton 1.. Humason, 
at Mount Wilson Observatory, measured 
velocities of up to 40,000 kilometers per 
second. Still greater ones have been ob- 
served with the 500-centimcicr telescope 
on Palomar Mountain. They range up to 
61,000 kilometers per second, or more than 
one-fifth the velocity of light, for members 


of a distant cluster of galaxies in the con- 
stellation Hydra. The American astrono- 
mer William A. Baum has estimated that 
certain velocities are in excess of 150,000 
kilometers per second, or about one-half 
the speed of light. In all the cases we have 
mentioned above, it has been found that the 
recession velocity of a given galaxy is very 
nearly proportional to distance 


THEORY OF AN EXPANDING UNIVERSE 


The belief that galaxies are receding is 
used as evidence for the theory that the 
universe is expanding. This theory holds 
that the universe began with a “big bang 
explosion and that it has been expanding 
ever since. Some astronomers have at- 
tempted to show that the red shift of the 
spectral lines of the galaxies is not due to 
their movement away but rather to some 
Other effect. These astronomers, who are 
really questioning the validity of the Dop- 
Pler effect, have not, however, been able 
to provide proof for a different theory. 
Therefore, the theory of the expanding uni- 
verse is still widely accepted. We may think 
Of space itself as expanding and in the 
Process carrying the galaxies away with it. 
As viewed from any galaxy, the effect 
would be the same. All other galaxies 
would appear to be receding. 


COSMIC 
RAYS 


by Voiney C. Wilson 


Whizzing through our galaxy at all 


times, in every direction and at fantastic 
speed, are the charged particles that we 
call cosmic rays. They are really atomic 
nuclei—that is, atoms stripped of their 
electrons. Traveling at nearly the veloc- 
ity of light, some have energies far greater 
than those produced with powerful atom 
smashers 


The cosmic rays that fly through outer 
space are called primary cosmic rays. A 
thin rain of these particles constantly strikes 
the upper atmosphere of the earth. As they 
enter the upper part of the atmosphere, 
they collide with atoms of air. The frag- 
ments known as secondary cosmic rays 
result from the collisions. 

About one per cent of these secondary 
rays penetrate the remaining atmosphere 
and reach sea level. Roughly 600 rays pass 
through the human body every minute, day 
and night. This should not alarm us, though. 
A wristwatch with a radium-painted face 
exposes us to the same dose of radiation. 
Doctors estimate that the dose must be 30 
to 300 times greater to produce harmful 
genetic effects on human beings by increas- 
ing the rate of mutations. 

If we could harness the energy of all 
cosmic particles striking sea level over the 
entire world, it would yield little more 
power than a modern automobile engine. 
Cosmic rays will never power our ma- 
chines; but they do provide nuclear physi- 
cists with a natural laboratory for the study 
of super-high-energy phenomena. They 
may reveal the secrets of the forces that 
bind together the particles of matter in 
atomic nuclei. They may tell us about the 
universe beyond our solar system. 


DETECTION OF COSMIC RAYS 


Cosmic rays made their presence felt 
long before they were identified. About the 


Los Alamos Scientific Laboratory 
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In Operation Skyhook, a balloon carried cosmic-ray 
detecting equipment to high altitudes. Cosmic rays 
strike photographic and plastic emulsions in the 
detector and leave a record of their visit. An anal- 
ysis of these records reveals the nature and inten- 
sity of the rays 
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beginning of the twentieth century, physi- 
cists discovered that electroscopes and ion- 
ization chambers were affected by certain 
mysterious rays existing in the atmosphere. 
An electroscope is a device for determining 
the electric charge on a body. An ionization 
chamber is used to measure the intensity of 
radiations. These rays were far more pene- 
trating than X rays or any other forms of 
radiation known at the time. High-energy 
X rays could be stopped by a lead plate 
only 1.6 millimeters thick; but 10 centime- 
ters of lead would absorb only 80 per cent 
of the "new" rays. 

The first and most natural assumption 
was that these penetrating rays issued from 
Some special radioactive material in the 
earth's crust and atmosphere. Beginning in 
1909, however, enterprising experimenters 
carried ionization chambers aloft in bal- 
loons and found the rays grew more intense 
with increasing altitude. Between 1910 and 
1914, Victor F. Hess of Austria and 
Werner Kolhórster of Germany made the 
first precise measurements, at altitudes up 
to 9,000 meters. At this height the rays 
were ten times more intense than at sea 
level. Clearly, the penetrating rays trav- 
eled downward through the atmosphere. 
Hess came to the conclusion that the mys- 
terious rays must originate in outer space. 

In 1925, a series of experiments by a 
team of physicists headed by Robert A. 
Millikan, of the California Institute of 
Technology, confirmed Hess’s hypothesis. 
Millikan and his colleagues lowered ioniza- 
tion chambers into two snow-fed lakes at 
high altitudes in California in order to de- 
termine the absorption of the penetrating 
Tays in water, as compared with their ab- 
Sorption in air. Measuring the intensity of 
the rays under different depths of water and 
at different altitudes, they came to the con- 
clusion that the rays must originate outside 
the atmosphere. In the Teport of these ex- 

periments, the name “cosmic rays” was 
used for the first time, 

In a few years, two newly invented in- 
struments revealed important new facts 
about cosmic rays and later became the 
cosmic-ray physicist's chief tools. In 1927, 
the Russian physicist D. V. Skobeltsyn first 
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adapted the Wilson cloud chamber to the 
study of the rays. In the Wilson cloud 
chamber, the path of an ionizing particle or 
ray is made visible as a trail of water drop- 
lets. 

In 1928 and 1929, Werner Kolhórster 
and another German, Walther Bothe, de- 
vised a research technique using sets of 
Geiger-Mueller counters, devices that 


detect particles by electrical discharges. By 
arranging the counters in a straight line and 
providing them with the proper electrical 
circuits, one could trace the path of a single 
cosmic ray. 

The bubble chamber, developed in 
1952 by Donald Glaser, also proved help- 
ful in the analysis of the rays. In the bubble 


chamber, a liquid is kept just below the 
boiling point. The pressure is suddenly 
lowered and the liquid becomes super- 
heated. When high-speed charged particles 
now pass through, their passage will be in- 
dicated by a series of bubbles. 

By the use of these devices, it has been 
established that most of the secondary 
cosmic rays are high-energy, electrically 
charged particles. 


COSMIC RAYS AND EARTH'S 
MAGNETIC FIELD 


In 1927, the Dutch scientist Jacob 

Clay discovered that primary cosmic rays 
are affected by the earth’s magnetic field. 
During a voyage between Amsterdam and 
Indonesia, he observed that the intensity of 
cosmic rays drops as one approaches the 
magnetic equator from higher latitudes. 
The existence of this "latitude effect 
seemed to show that primary cosmic rays 
are electrically charged particles. / 
. AA neutral (uncharged) particle moving 
In a straight line through a magnetic field is 
not influenced by the field. However, E 
Charged particle in the same situation will 
have its path bent into a curve, if it moves 
approximately at right angles to the mag- 
netic lines of force. 

The earth's magnetic field is very 
Weak, but it extends for thousands of kilo- 
meters into space. Any charged particle 
approaching the earth must travel immense 
distances through the field and will be ap- 


preciably deflected by the curving force. 


This force is greatest on particles that ap- 
proach exactly at right angles to the lines of 
force, and weakest on those that travel par- 
alle! with the lines. The bending is more 
pronounced for slow-moving, or low mo- 
mentum, particles than for faster, or high 
momentum, ones. 

This is illustrated in the diagram on 
page 226. The dotted lines represent the 


earth’s magnetic lines of force. A, B, C, D 


and E are all charged particles approaching 
the earth with the same momentum or ener- 
gy. A is only slightly deflected by the field 


because it approaches near the pole and 


thus moves almost parallel with the lines of 
force. On the other hand, E approaches 
near the equator, moving exactly at right 
angles to the lines. The strong curving force 
on this particle eventually turns it back into 
Cosmic-ray particles have penetrated a cloud cham- 
ber with a series of lead plates across it. As the par- 
ticles pass through the lead plates, they are slowed 
down and split, producing a cosmic-ray shower. 


Univ. of California Rodiation Loboratory 


the direction from which it came. The paths 
taken by B, C and D will depend upon the 
angle formed by their direction as they ap- 
proach the earth and the magnetic lines of 
force. For a particle to penetrate the mag- 
netic field and the atmosphere at the equa- 
tor (particle F), it would have to start out 
with many times more momentum than the 
other particles. 


COSMIC-RAY INTENSITY 


If the particles are indeed electrically 
charged, we should expect many fewer rays 
to reach the earth's surface at the equator 
than at higher altitudes. This was conclu- 
sively shown. In 1930, a worldwide survey 
was begun, under the direction of Arthur 
H. Compton, of the University of Chicago, 
to find out cosmic-ray intensities at dif- 
ferent latitudes and altitudes all over the 
globe. The report of the survey in 1933 es- 
tablished that, from the geomagnetic lati- 
tudes of 50° north (or south) to the equator, 
cosmic-ray intensity at sea level drops 
about ten per cent. It showed that primary 
cosmic particles are electrically charged. 

Is the charge positive or negative? 
Manuel S. Vallarta, a Mexican mathemati- 
cian, calculated in 1933 that a positive par- 
ticle with low momentum could reach the 
earth more easily when approaching from 
the west than from the east. The directions 
would be reversed for a negative particle. 
By 1938, experiments proved that the rays 
falling from the west were definitely more 
intense than those from the east. This led to 
the conclusion that the primary cosmic rays 
are positively charged. 

The American physicist Scott E. For- 
bush discovered that cosmic-ray intensi- 
ties decrease during periods of high sunspot 
activity. The sun is continuously throwing 
out tremendous quantities of protons mov- 
ing at a speed of about 1,600 kilometers 
per second—a phenomenon referred to as 
the solar wind. During periods of sunspot 
activity, when a solar flare happens to be 
at a particular place on the sun’s surface, 
the solar wind in the direction of the earth 
is greatly increased. This in turn increases 
the strength of the magnetic field in the 
vicinity of the earth to such an extent as 
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to shield out some of the low-energy cosmic 
rays. This is called the Forbush effect. 

Rockets and artificial satellites have 
been used increasingly to measure cosmic- 
ray intensity above the earth. They have 
also served to analyze the effect of the solar 
wind upon the earth’s magnetic field. 


COSMIC-RAY SHOWERS 


The Italian-born physicist Bruno Rossi 
showed in 1932 that if three or more Geig- 
er-Mueller counters were spread out hori- 
zontally in an irregular pattern, they would 
sometimes be tripped simultaneously, indi- 
cating that showers of particles were travel- 
ing together. These showers could be pro- 
duced as cosmic-ray particles passed 
through lead or other substances containing 
heavy atoms. Rossi concluded that each 
shower was produced from a single cosmic- 
ray particle as it passed close to the nucleus 
of a nearby atom. Showers could also be 
observed in a Wilson cloud chamber that 
had a lead plate across it. The track of a 
single cosmic-ray particle is seen entering 
the chamber, As it Passes through the lead 
plate, the track splits in two. These tracks 
split again and again, producing a shower of 
particles, 

In the same year in which Rossi re- 
vealed the existence of cosmic-ray show- 
ers, the American Carl D. Anderson dis- 


The earth's Magnetic 
field deflects incoming 
cosmic rays. The dotted 
lines — represent the 
earth's magnetic lines 
of force. The letters A, 
B, C, D, E, and F are 
charged particles. 


covered a new fundamenta! particle in 


cosmic radiation — the positiv clectron, or 
positron. It appeared in a photograph of a 
cloud chamber containing a lead plate in a 
strong magnetic field. Anderson's historic 
achievement won him a share of the 1936 


Nobel Prize in physics. 

Cloud-chamber photographs soon 
showed that each time a shower track split, 
the two branches were oppositely curved, 
An electron and a positron were created, A 
pair-production theory of cosmic -ray show- 
ers was now formulated. It was maintained 
that the process of shower formation rep- 


resented the conversion of energy into 
charged matter and vice versa 

This is what takes place cording to 
the pair-production theory. As a gamma- 
ray photon—a fragment of light energy — 
penetrates the nuclear field of an atom, a 
portion of its energy is suddenly trans- 


formed into a pair of electrons. positive and 
negative. The remaining energy provides 
the velocities of the electron and the posi- 
tron. Each of the daughter electrons may 
disappear in its turn, producing another 
gamma ray, if it is suddenly slowed down in 
the field of another nucleus. Two gamma 
Tays may produce four electrons; four 
gamma rays may then arise, then eight elec- 
trons and so on. 

In 1938 such cosmic-ray showers were 
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The pair-production theory of cosmic-ray showers. 
A gamma (indicated by y) yields a pair of elec- 
trons, po e and negative, indicated by e+ and 
e-, respec ly. Each of these electrons may dis- 
appear, producing another gamma ray as it does. 
Each of the gamma rays in turn may yield two elec- 
trons. As the process is continued, a cosmic-ray 
shower is produced. 

discovered in the atmosphere, up to one- 
third kilometer in diameter and with mil- 


lions of particles each. The energy of one 
cosmic-ray particle causing a shower may 
reach 1,000,000,000 GeV. 1 GeV = 1 giga- 
electron volt, or 1,000,000,000 electron 
volts. An electron volt is the energy gained 
by an electron when accelerated by one 
volt of electricity. In contrast, fission of a 
uranium atom releases only 200 MeV. 1 
MeV = 1,000,000 electron volts. 


THE PRIMARY COSMIC RAYS 


Primary cosmic rays contain 91 per 
cent positive particles — protons, which are 
the nuclei of hydrogen atoms; 8 per cent 
alpha particles, or helium nuclei, with 2 
protons apiece; and one per cent nuclei of 
heavier elements. The latter are mostly lith- 
ium (3 protons per nucleus), beryllium (4 
protons), boron (5 protons), oxygen (8 pro- 
tons), and iron (26 protons). The particles 
are detected by photographic emulsions in 
high-altitude balloons. 

Heavier cosmic-ray nuclei are being 
found. Scientists have learned that moving 
heavy particles damage mica and plastics. 
They leave tracks, which, when etched, 
give an idea of the particles’ sizes and 
Charges. One nucleus has been found to 
contain 106 protons, representing an ele- 
ment more massively charged than urani- 
um, which has 92 protons per nucleus. 

Cosmic-ray composition is similar to 
the known distribution of chemical ele- 


ments in stars, nebulae, and interstellar 
dust. Cosmic-ray composition and the dis- 
tribution of the quantities of elements in 
the universe show sharp differences in the 
numbers of atoms having odd and even 
numbers of protons per nucleus, with a 
peak in regard to iron. "Even-numbered" 
nuclei are more common. These facts give 
a clue to the origin of primary cosmic rays. 


TWO COMPONENTS OF SECONDARY 
COSMIC RAYS 


Secondary cosmic rays are composed 
of two very different classes of particles, 
which can be separated by a piece of lead 
about 13 centimeters thick. One compo- 
nent is completely absorbed in this thick- 
ness. This soft component consists mainly 
of electrons, positrons, and gamma-ray 
photons —the typical particles of a cosmic- 
ray shower. The intensity of this soft com- 
ponent increases from the top of the atmo- 
sphere down to an altitude of about 17 kilo- 
meters, where it makes up roughly four 
fifths of the total radiation. From this alti- 
tude downward, the intensity decreases 
until it makes up only one quarter of the 
total at sea level. 

The other component passes through 
13 centimeters of lead almost unobstructed. 
Itis called the hard, or penetrating, compo- 
nent. It decreases in intensity continuously 
from the top of the atmosphere down to sea 
level. Approximately one half of these rays 
at sea level can still penetrate 38 centime- 
ters of lead. The difference in the absorp- 
tion pattern and penetrating power of the 
two components represented a puzzling 
problem to physicists for many years. 

In 1936, the riddle was finally solved 
by the teams of C. D. Anderson and S. H. 
Neddermeyer, at the California Institute of 
Technology, and J. C. Street and E. Cc. 
Stevenson, at Harvard University. Work- 
ing independently, these teams showed that 
all the evidence pointed to a new type of 
fundamental particle, intermediate in mass 
between the proton and the electron. This 
was the mesotron, now called the meson. 

In the meantime, the author of this arti- 
cle had been measuring the penetration of 
cosmic rays below the ground in a copper 
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mine in northern Michigan. He reported 
that some rays were able to penetrate as 
much as 500 meters of rock. Further inves- 
tigation showed that these rays were cor- 
puscular, or made up of tiny particles, and 
that they ionized the rock and lost energy 
all the way down. Calculations showed that 
they must be the newly discovered mesons. 
It is now agreed that mesons make up the 
bulk of the hard component of secondary 
cosmic rays. The high energy of mesons 
accounts for the penetrating power of this 
component. 

The existence of the meson had been 
predicted by the Japanese nuclear physicist 
Hideki Yukawa in 1935. He also predicted 
that the meson would be unstable outside 
the nucleus, decaying with the emission of 
an electron. In 1940, this decay was actual- 
ly photographed for the first time in a Wil- 
son cloud chamber, 

In 1948, researchers at Berkeley, Cali- 
fornia, first succeeded in producing mesons 
artificially, by bombarding carbon atoms 
with alpha particles accelerated to 380 
MeV. Both positive and negative mesons 
were produced. Some, known as pi mesons, 


Underground cosmic ray detectors have been built 
to test theories of the origin of cosmic rays, Herea 
Physicist connects wires from 300 cosmic ray 


counters to a central computer housed in a nearby 
mine. 
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decay in about two hundred millionths of a 
second into a lighter variety called mu me- 
sons. Mu mesons live for roughly two mil- 
lionths of a second before they disintegrate 
into electrons or positrons. The heavier pi 
mesons of secondary cosmic rays are cre- 
ated by nuclear explosions in the upper 
atmosphere as primary cosmic rays collide 
with the nuclei of atoms —the atoms of the 
gases that make up the atmosphere. The pi 


mesons usually decay in flight and produce 
mu mesons, which live long enough to trav- 
el great distances. It is the mu mesons that 
form the hard component of secondary 


cosmic rays at sea level. 
ORIGIN OF COSMIC RAYS 


What is the source of cosmic rays and 
how do they acquire their fantastic ener- 
gies? Some astronomers have long held that 
the universe was created in a single pri- 
mordial explosion, and that cosmic rays are 
tiny remnants of this colossal event. But the 
presence of heavy nuclei in the primary 
rays shows that their energies must be ac- 
quired gradually. In an explosive process, 
the larger nuclei would be completely shat- 
tered. 

Present evidence suggests that most 
cosmic rays originate and remain largely 
within our own galaxy, Let us suppose that 
the distribution of rays observed in our gal- 
axy extends far beyond its borders through- 
out the universe. We know the average en- 
ergy of the rays in our region. From this we 
can calculate the total energy carried by 
cosmic rays everywhere. This calculation 
has been performed. The figure reached 
would equal the entire mass of the universe 
if this were converted into energy. Scien- 
tists consider such an idea impossible. 
Moreover, the solar system is constantly 
rotating along with the rest of our galaxy. If 
rays are entering the galaxy from outside, 
certain complex effects due to the rotation 
of the galaxy should be visible. None have 
ever been observed. 

_ At least 90 per cent of the cosmic rays 
originate inside our own galaxy. The maxi- 
mum lifetime of a cosmic ray is about 
2,000,000 years. The known characteris- 
tics of cosmic rays suggest they originated 
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in thermonuclear (atomic) explosions in 
certain kinds of stars. 

Old stars rich in iron atoms reach a 
stage when they just blow up. They then 
release vast amounts of particles and elec- 
tromagnetic radiation, including light. These 
explosions occur by a process called neu- 
tron capture. Neutrons—heavy nuclear 
particles with no charge—can move freely 
outside the nuclei of atoms. They may, 
however, be absorbed, or captured, by the 
nuclei of atoms; this event makes the atoms 
unstable. The atomic nuclei, therefore, re- 
lease energy in the form of alpha particles, 
protons, neutrons, and radiation of very 
short wavelengths, especially gamma rays, 
in a gigantic blast. 

An exploding star is called a superno- 
va. It is much brighter than an ordinary 
nova, which does not really explode, but 
Shoots out matter instead. The best-known 
supernova was the event of 1054 A.D., 
recorded by Chinese astronomers. The 
remnant of this nova is the Crab Nebula. 

At present, the Crab Nebula is ob- 
served to emit radio waves and light that is 
markedly polarized. That is, the radiation 
Waves vibrate along a single plane or along 
à few planes, instead of at many angles, as 
Ordinary (unpolarized) radiation does.The 
polarization means that the Crab radiation 
originates from electrons moving at great 
Speeds in strong magnetic fields. This is 
Called synchrotron radiation. A synchro- 


Cosmic-ray detector of the Orbiting Geophysical 
Observatory, an artificial satellite. Electrons in cos- 
mic rays are measured by the rate of energy loss 
they undergo as they pass through this device. The 
electrons cause flashes in certain crystals. The 
flashes are changed into electrical pulses, which 
are analyzed and transmitted to earth. 

NASA 

tron is an atom-smasher, or accelerator, 
that speeds up electrons and other particles 
by means of changing, intense magnetic 
fields. Polarized electromagnetic radiation 
is observed to arise from electrons acceler- 
ated in a synchrotron. 

The Crab Nebula, then, may act as a 
giant cosmic accelerator of particles — or 
cyclotron — with energies that dwarf those 
of man-made accelerators. The most 
powerful man-made accelerator to date 
reaches only 500 GeV. Some cosmic-ray 
energies reach the staggering figure of 
1,000,000,000 GeV! 

Within the Crab Nebula astronomers 
have identified a pulsar—a very small and 
very dense star, composed mostly of neu- 
trons, that emits radiation in very short 
bursts, or pulses. 

The pulsar itself is part of the star that 
was seen to explode over 900 years ago. 
This pulsar may be the chief energy source 
of the Crab Nebula. Not only does it ra- 
diate energy, but it ejects large numbers of 
particles from its surface. These particles 
are being accelerated in the very strong ro- 
tating magnetic field of the pulsar. Scien- 
tists estimate that one to two supernovae 
occur in our galaxy per century. If they 
contain pulsars, the energy balances are 
such that these supernovae could just about 
produce the observed cosmic rays. Rays 
with energies of 1,000,000,000 GeV or less 
are trapped in the magnetic field of our gal- 
axy (the Milky Way). They last an average 
of about 1,000,000 years before striking an 
atom and being annihilated in the process. 

The extremely few cosmic rays with 
energies greater than 1,000,000,000 GeV 
may have arrived at the earth before escap- 
ing the galaxy or may even have come from 
outside the Milky Way. Observations so far 
suggest that no more than ten per cent, and 
perhaps far less, of cosmic rays come from 


beyond our galaxy. 
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PULSARS 


by Antony Hewish 


The discovery of pulsars in 1967 was 
one of those lucky accidents that some- 
times happen in scientific research. I only 
wish I could say that we were looking for 
pulsars at the time. But the truth is that my 
colleagues and I were studying quasars — 
mysterious radio objects currently thought 
to be galaxies, situated far beyond the con- 
fines of the Milky Way—when the first pul- 
sar unexpectedly placed its signature upon 
our records. By an extremely fortunate 
twist of fate, the new radio telescope that 
we were using was ideally suited to pick 
up the rapid successions of faint radio 
pulses that characterize these fascinating 
objects. 

It all began in 1964 when we noticed 
that certain radio galaxies, noted for their 
tiny angular extent, exhibited rapid and ir- 
regular variations of intensity. This pheno- 
menon was very similar to the "twinkling" 
of visible stars, and we eventually learned 
that it was caused by clouds of hot gas 
ejected from the sun. These clouds take 
part in the violent and continual outflow of 
material from the sun known as the “solar 
wind.” Because the clouds are so hot, elec- 
trons are stripped from the atoms, and the 
gas becomes a mixture of electrically 
charged particles (electrons and Positive 
ions). Radio waves are deflected slightly as 
they pass through these clouds; as a result, 
originally parallel rays from a distant radio 


compact sources like quasars are subject to 
such “twinkling”; ordinary radio galaxies 
tend to average out the fluctuations. 

We thought that this “twinkling effect” 
would be an excellent method of finding, 
among the several thousand radio galaxies 
that have been charted, those galaxies that 
actually are quasars. So in 1966 we started 
to build a radio telescope especially de- 
signed for this purpose. It was located next 
to Sir Martin Ryle’s famous “one mile” ra- 
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England, 
and consisted of a huge array of dipoles- 
more than 2,000 in all. (A dipole is an an- 
tenna consisting of two rods extending in 


dio telescope outside Cambrid; 


Opposite directions.) The array was very 
Sensitive, since it collected the incoming 

i 9 . 
radio waves over an area of almost 2 hec 


tares and operated at a wavelength of 3.7 
meters, 


A TWINKLING AT NIGHT 


Observations with the new radio tele- 
Scope began in July 1967. It took one week 
to scan a large fraction of the sky. and ex- 
actly similar observations were repeated, 
Week by week, to investigate how the radio 
"twinkling" of the quasars varied in strength 
as the sources were studied at different 
angular distances from the sun. The results 
Were used to give us a quantitative measure 
of the angular sizes of the quasars. The ra- 
dio signals were recorded as an ink trace 2 
a moving paper chart. Approximately 75 
meters of chart had to be inspected each 


A photograph of the Crab Nebula. 
The arrow points to the optical pul- 
sar NP 0532. The power spectrum 
shows the distribution of X ray 
pulses from the nebula. The peaks 
represent the "beat" of the pulsar. 
These X ray pulses occur at the 
same rate as the star's optical and 
| radio pulses—33 times a second. 


week. This task was carried out by Miss 
Jocelyn Bell (now Dr. Burnell), a young 
graduate student from Ireland who had also 
Worked on the construction of the array. 

One day in August, Miss Bell showed 
me an odd-looking tracing on which a radio 
Source had apparently been “twinkling” in 
the middle of the night. This was unusual 
because intensity variations caused by the 
Solar gas are always very small when obser- 
vations are carried out in directions away 
from the sun. We did not really believe that 
the signals were genuine, because radio 
telescopes often pick up terrestrial interfer- 
ence of one kind or another (such as that 
from automobile ignitions). We made a 
note, however, of the apparent direction in 
the sky from which these radio signals had 
Originated. 

. Inthe weeks that followed, the strange 
Signals sometimes reappeared, but often 
Were not recorded at all. By September, 
however, it was plain that the phenomenon 
Could no longer be ignored. The next step 


l Above left: the arrow points to the pulsar in the Crab Nebula. It was once thought to be an 
ordinary star like the object to its left. Above right: the same area of the sky, photographed 
a fraction of a second later. The pulsar has "turned off.” 


Lick Observatory 


was to obtain a detailed recording, using a 
much faster chart speed in order to make a 
closer inspection of the signals. Yet no 
sooner was the equipment set up than the 
source faded out. Not until late November 
did it return, and when Miss Bell showed 
me the first recording, I frankly could not 
believe what I saw. The signals from this 
mysterious source were in the form of 
short-duration pulses spaced at intervals of 
about 1/s seconds. Of course we had to 
check this on several successive days to 
convince ourselves that we were not being 
tricked in some way. But the same signals 
were always there, and during the first 
week of December, the source flared up in 
intensity and produced some really beauti- 
ful pulses. 


ARTIFICIAL LOOKING SIGNALS 


The period that followed was one of 
intense excitement. What astronomical 
body could be the origin of such artificial- 
looking signals? From the lack of any de- 
tectable parallax, or the small change in the 
apparent position of a star when measured 
at different times of the year, we knew that 
the object was far beyond the solar system. 
We also knew that the body had to be 
small— probably about the size of the earth; 
a large body simply cannot emit a short- 
duration pulse, because radiation leaving 
different parts of its surface will arrive at 
different times. The possibility that we 
were, for the first time, in contact with intel- 
ligent beings elsewhere in the galaxy could 
not be ignored. 
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Naturally we had to press these inves- 
tigations a little further before releasing the 
news of our discovery. Our first task was 
the accurate timing of the pulses. Within a 
few days we found that the pulses were 
keeping time to better than one part in a 
million; whatever the nature of the object, 
it was acting like a very-high-quality clock. 
After a month it was clear that the signals 
could not be originating from a planet. If 
they had been, we would have detected a 
systematic variation in the period of the 
pulses owing to the assumed planet's orbit- 
al motion. We also made a careful search of 
the existing survey recordings for similar 
pulsing sources, and further observations 
confirmed the presence of three more in 
widely differing parts of the sky. At this 
stage we felt confident that we were dealing 
with a natural phenomenon, probably some 
heretofore unknown kind of star. 

We announced our findings to the sci- 
entific community. 


MILLION TON LIGHTHOUSE 


The news of our discovery triggered an 
intensive period ofactivity, which was prob- 
ably unique in the history of astronomy. 
Radio telescopes all over the world joined 
the quest for further observational data, 
and theoretical astrophysicists considered 
every conceivable possibility of accounting 
for the pulsars. One year after our first re- 
sults were published, a total of 31 pulsars 
had been found. While it is still not certain 
what they are, the general belief is that they 
must be the long-sought neutron stars — pre- 
dicted theoretically but not found until now. 
These tiny stars, perhaps only a few kilo- 
meters or so in diameter yet containing as 
much matter as our entire sun, are likely to 
be spinning at high Speeds. One idea is that 
they behave like celestial “lighthouses,” 
throwing out a beam that flashes round the 
sky at the rotation period of the star, 

To understand why this seemingly far- 
fetched theory is popular, it is necessary to 
digress for a moment and consider the final 
stages in the life cycle of a star, What hap- 
pens, for example, when a star has burned 
all its available fuel? Does it simply cool 

down and turn into a dark ball of solid ashes? 
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Definitely not! When we talk about a star 
“burning,” we are referring to the nuclear- 
fusion process (as in a hydrogen bomb) in 
which hydrogen is converted to helium and 
other more complex nuclei. Vast quantities 
of intense radiation are released in these 


reactions, and the resulting radiation pres- 
sure keeps a typical star like the sun ex- 
tended against the inward gravitational pull, 


After a certain time, however, the nuclear 
fuel is exhausted, and gravity causes the 
star to shrink. Various possibilities may 
now occur. 

For astar like the sun, the initial shrink- 
ing under gravity produces energy that may 
puff the star out to become a red giant; but 
in the end it will collapse to a white dwarf. 
At this stage, when the star is no larger than 
a small planet, it is the compression of the 
electrons that eventually resists further 
gravitational collapse. The matter is so con- 
densed that normal atoms do not exist; the 
negatively charged electrons are pressed 
close to the positively charged nuclei. A 


teaspoonful of the mixture would weigh 
several metric tons. 

For a star that is heavier than about 13/2 
times the solar mass, a rather more violent 


end is predicted. Initially, the central part 
of the star begins to collapse, as in a white 
dwarf. The inward gravitational force is so 
enormous that the electrons are, so to speak. 
squashed right inside the nuclei. They com- 
bine with protons to form neutrons, thereby 
ceasing to exist as independent particles. 
The neutrons, being electrically uncharged, 
can be packed much more closely than elec- 
trons. Calculations show that the matter 
density must increase to about one million 
metric tons per teaspoonful before the 1n- 
ward gravitational forces are balanced. By 
this time the inward “falling” matter is trav- 
eling so fast that when it is finally halted, à 
blast of energy rips outward, initiating 4 
mighty explosion and blowing the outer 
shell of the star far out into space. This, 
astronomers believe, is the origin of a supe! 
nova. In the center of the resulting debris 
We expect to find a neutron star, a ball of 
fantastically dense matter, almost as heavy 
as the sun but only a few kilometers 1n 
diameter. 


CRAB NEBULA 


One of the main reasons why pulsars 
are thought to be neutron stars is a famous 
supernova witnessed by Chinese astrono- 
mers in A-D. 1054. Its remnants—the so- 
called Crab Nebula — contain a pulsar near 
the center, as predicted by theory. The 
Crab pulsar itself was found only in 1968, 
by the National Radio Astronomy Obser- 
vatory, at Green Bank, West Virginia. Its 
period, measured with the giant reflector at 
Arecibo, Puerto Rico, is 0.033 second— 
making it the most rapidly pulsating radio 
source known. 

This pulsar created excitementin 1969, 
when Steward Observatory in Tucson, 
Arizona, reported a visible (light-emitting) 
star in the center of the Crab Nebula. It was 
flashing at exactly the same rate as that at 
which the Crab pulsar was emitting radio 
signals. This visible star has been known for 
many years as the probable source of the 
supernova explosion. It is now identified 
with the Crab radio pulsar. Astronomers 
discovered that its light comes in pulses 
only because they used a light detector 
blinking at the same rate as the radio pulsar. 
X-ray pulses at the same rate have since 
also been received from the pulsar. 


Right: a radio source that twinkles at night. These 
radio emissions are from CP 1919, the first pulsar to 
be identified. This recording and the one below 
were made by the author and his coworkers at the 
Mullard Radio Astronomy Observatory near Cam- 
bridge, England. The recording below shows the 
regular radio emissions of pulsar CP 1919. Fifteen 
pulses can be distinguished in each 20-second 
interval. This corresponds to one pulse approxi- 
mately every 1.33 seconds. Some pulsars have 
much shorter periods; others emit signals at longer 
intervals. 
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Do other supernovas contain pulsars? 
Estimates of the total number of pulsars in 
our Milky Way galaxy agree well with the 
number of supernova explosions. How- 
ever, despite intensive search, only some of 
the fewer than a hundred known pulsars 
have been found to lie close to gas clouds 
that mark the sites of past stellar explo- 
sions. But the situation may be explained 
by the fact that most pulsars are probably at 
least several million years old. This is long 
enough for a pulsar to move far away from 
the place where it originated from a super- 
nova. 


AGE OF PULSARS 


The ages of pulsars are estimated from 
accurate timing measurements, which show 
that, in general, their pulse rates are steadi- 
ly slowing down. According to the afore- 
mentioned "lighthouse" theory, the de- 
crease is due to the neutron star's spinning 
more slowly and losing energy. Thus, the 
age of the Crab pulsar is calculated at 1,000 
ears, which agrees well with the known 
calendar age of the Crab supernova (900- 
odd years). 

The Crab pulsar is about 1,000 times 
younger than most pulsars. This fact ex- 
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plains why it pulses so fast and also why it 
is the only known pulsar that emits light 
and X rays as well as radio waves. 

The discovery of the Crab pulsar has 
solved a longtime mystery about the Crab 
Nebula itself. The nebula is “lit up” by 
something that supplies continuous energy 
and that astronomers could not identify un- 
til very recently. This “something,” of 
course, is the Crab pulsar. The energy of 
rotation lost by the pulsar as it slows is 
enough to energize the Crab Nebula. The 
agreement between the rate of pulsar's en- 
ergy loss and the nebula’s energy gain is a 
striking confirmation of the “lighthouse” 
theory. 


DISTANCE OF PULSARS 


times of the pulses give the distance toa 
pulsar. Most pulsars turn out to be 100 to 
10,000 light-years away. Since thé diameter 
of our galaxy is over 60,000 light-years, we 
are thus detecting only nearby pulsars. 
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Relative sizes of the sun, earth. white dwarfs, neu- 


tron stars and pulsars. Pulsars aʻe believed to be 
Somewhere between neutron ars and wu 
dwarfs in size. They are apparently much, mucl 


s a diameter of 
earth's diameter 


smaller than our sun, which | 
about 1,390,000 kilometers (th: 
is about 13,000 kilometers). However, dwarf stars, 
neutron stars and perhaps pulsars are very dense 
and weigh as much as the much larger sun. 


THE ENERGY OF PULSARS 


Knowing the distances to the pulsars 
enables us to calculate how much energy 
they are radiating. Except for the Crab pul- 
sar, they are weak emitters compared with 
a common star like the sun. As yet, how- 
ever, there is no accepted theory that 
accounts for the radio emission. One 
important feature of neutron stars is tha 
they must have enormously powerful mag 
netic fields at their surface. This follows 
from the fact that ordinary stars are magne- 
tized, just like the earth, and when a star 
collapses to the neutron-star condition, i 
associated compression of the magne 
field causes its strength to be magnified UP 
to 10,000,000,000 times the original value. 
Atits formation a neutron star will be sp!" 
ning at about one thousand revolutions pet 
second because it cannot lose its origin : 
angular speed. The same speeding-up °° 
curs when a ballet dancer or skater draws 
her arms from an outstretched position — 
but the effect is far more dramatic for a c? 
lapsing star. tic 

All kinds of electric and magne 


phenomena may come into play when a star 
with such an intense magnetic pole strength 
spins so fast. Shreds of material are likely 
to be torn from the surface of the star by 
electrica! forces. This "atmosphere" may 
be caught up in the magnetic field and 
swirled round at the same rotation speed as 
the neutron star. A few hundred kilometers 
from the star, the material is likely to ap- 
proach the velocity of light itself. (The the- 
ory of relativity states that no motion can 
exceed this velocity.) At this point gas must 


break away from the neutron star and fly 
into space as a stellar “wind.” 
STILL PUZZLES 

Theoreticians puzzle over the strange 


phenomena that must take place near a pul- 
sar. No truly satisfactory explanation of the 
"lighthouse" beam of radio emission yet 
exists. But there are many possibilities. 
Some theories hold that clusters of elec- 
trons—nepative atomic particles—fill the 
rotating gas near the place where it must fly 
off the neutron star. Radiation emitted by 
these electrons would move at almost the 
speed of light (300,000 kilometers per sec- 
ond) and thus be concentrated into a nar- 
row beam along its line of motion. Other 
theories suggest that streams of charged 


Highly diagrammatic represen- 
tation of a pulsar. The radio 
beams are emitted along the 
axes of the star's magnetic 
field (not shown). As the pulsar 
spins rapidly, the beams sweep 
around, causing a blinking, or 
pulsating, effect. 


particles are ejected near the magnetic 
poles of the pulsar and so give rise to radio 
beams parallel to the axis of the magnetic 
field. 

A neutron star, or pulsar, probably 
consists of a very rigid shell surrounding a 
fluid interior. Such a structure could ex- 
plain the small changes in the period of the 
Crab pulsar. These may be caused by slight 
deformations of the shell, which in turn 
may be due to vibrations — "starquakes." 

Whatever the final truth about pulsars 
may be, they have opened up a new chapter 
in astronomy. They have shed light on 
physical processes that could never be ap- 
proached in any earthly laboratory. Com- 
pared to a neutron star, for example, the 
densest matter that could be found or made 
on earth would be almost a vacuum. 

The discovery of pulsars has con- 
firmed the existence of neutron stars. This 
brings up the questions: What about matter 
that is even too dense to become a stable 
neutron star? Would it continue to collapse 
gravitationally? Astronomers have framed 
a theoretical answer. It is the concept of the 
“black hole" — matter and energy so tightly 
compressed that nothing can escape. Scien- 
tists think they have discovered black holes 


in space. 
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QUASARS 


For several decades, it has been 
known that radio waves are emitted from 
various areas in the heavens. In the mid- 
1940's, scientists began a systematic study 
of radio sources—that is, areas emitting 
radio waves. The result was the develop- 
ment of a new branch of astronomy, known 
as radio astronomy, and a whole new family 
of instruments, including detecting devices 
called radio telescopes. 

Using radio telescopes, astronomers 
located the positions of thousands of “radio 
stars" — that is, more or less sharply defined 
areas of radiation in the heavens. Some- 
times radio stars could be identified with 
visible objects in the Sky, but sometimes 
they could be detected only by radio tele- 
Scope. 


A STRANGE TYPE OF STAR 


In 1960 an American astronomer, Al- 
lan R. Sandage, was engaged in photo- 
graphing a portion of the sky that was emit- 
ting strong radio waves. When he Studied 
his photographic plates, Sandage found 
what was apparently a star in the exact po- 
sition of a known radio source. This partic- 
ular radio source was numbered 3C 48— 
that is, the 48th source on the list of the 
Third Cambridge Catalogue of Radio 
Sources. Sandage also found that the object 
was very bright, and if à Star, an unusually 
bright one. 

Three years later, an even brighter 
Object of this nature Was detected by a 
Dutch-American astronomer named Maar- 
ten Schmidt. It was found in the position 
assigned to the radio source numbered 3C 
273. Schmidt studied the Spectrum of this 
object. The spectrum is the rainbow of 
colors seen when light Passes through a 
prism. The spectrum of visible light ranges 
from red at one end to violet at the other 
end. Light acts like a Wave, and its wave. 
length is the distance between crests of the 
wave. When a given chemical element is 
heated So that it glows, it emits light at spe- 
cific wavelengths. These Wavelengths ap- 
pear as one or more bands of certain colors 


QUASARS 


of the spectrum. Further: 
color are crossed by lin 
dividual emission and 
specific atoms. Theref< 
spectrum of light emitte 
omers can learn a great 
ments present in the sta: 
Study of the spectrum 
the previously discover: 
revealed that the spectra 
like objects were not at al 
of a typical star. The spectral lines of the 
two objects were shifted toward the red end 
of the spectrum. When red shift occurs, all 
wavelengths are lengthened by the same 
amount, and the amount is expressed as a 
percentage increase over the normal wave- 
length. The red shift of 3C 273 amounted to 


ore, the bands of 
:enerated by in- 
orption lines of 
by studying the 
y à Star, astron- 

| about the ele- 


f 3C 273 and of 
object 3C 48 
these two star- 
e the spectrum 


16 per cent; the red shift of 3C 48 to 37 
per cent. , 
What is the significance of red shift? 
Most astronomers believe that red shift in 
the spectral lines of an astronomical object 


indicates that the object is receding from 
the earth. Conversely, wavelength shift to 
the violet end of the spectrum indicates that 
the object is moving toward the earth. The 
two starlike objects studied thus appeared 
to be receding from us. 


BRIGHTER THAN ANY GALAXY 


The American astronomer Edwin P. 
Hubble was the first to study the red shift 
Systematically. He found that the greater 
the shift, the greater the speed of the star. 
The speed with which the star was receding 
was also proportional to the distance 9 
the object from the earth. d 

The red shifts that had been note 
in the starlike objects corresponding t0 
radio sources 3C 48 and 3C 273 were Very 
large. So great, in fact, that it appe 
Certain that they must be 1,000,000,0! t 
light-years or more from the earth. A light 
year is a measure of distance, the disen 
that light can travel in one year ly 
vacuum. The speed of light is Tone 
300,000 kilometers per second, so one liga 
Year is approximately 9,500,000,000,0 
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kilometers, Even at these fantastic dis- 
tances the starlike objects were so bright 
that they must be emitting hitherto unheard 
of quantities of energy. Even if they were 
galaxies, the energy output would be so 
great that it could not be matched by that 
of any known galaxy. 

Astronomers now began a search for 
other starlike objects that combined unusu- 
al brightness with strong radio emission and 
extreme red shifts. Over 1,000 have since 
been discovered, and it is estimated that up 
to 1,000,000 exist. The name "'quasi-stellar 
objects” was first applied to them, but this 
has been shortened to “quasars.” 

No quasar has been found with a small- 


er red shift than about 15 per cent. Usually 
the shift is much greater. In a very few 
instances it approaches the neighborhood 
of 300 per cent. Some of the quasars, at 
least, may be more than 4,000,000,000 
light-years away. If quasars are indeed as 
distant as they seem, they would have to 
emit 50 to 100 times more energy than 
entire known galaxies consisting of hun- 
dreds of millions of stars. ‘ 
The spectra of the quasars show lines 
of characteristic wavelengths. The strength 
of the lines indicates that they correspond 
to very hot gases, at temperatures of tens of 
thousands of degrees Celsius. The elements 
represented in the spectra and presumed 
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present in the starlike objects include hy- 
drogen, helium, neon, carbon, nitrogen, ox- 
ygen, magnesium, silicon, sulfur and argon. 


QUASARS ARE SMALL 


Astronomers have noted a startling 
fact about quasars — namely, that their light 
fluctuates noticeably, and in some instances 
remarkably, within comparatively short 
periods of time. In the case of quasar 3C 
355, the variations in brightness come to as 
much as 40 per cent in just a few weeks and 
to as much as 300 per cent in four months. 

These variations in brightness set a 
limit to the diameters of quasars. The peri- 
od of variation depends on the time it takes 
light to travel the diameter of the object 
emitting the light. Calculations based on 
variations in brightness have indicated that 
the diameters of most quasars are to be 
reckoned, not in light-years, but in light- 
months and even, in some cases, in light- 
weeks or light-days. A light-month is about 
800,000,000,000 kilometers; a light-week 
about 181,000,000,000 kilometers; and a 
light-day about 26,000,000,000 kilometers. 
By way of comparison, our galaxy has a 
diameter of something like 80,000 light 
years. 


BUT SO MUCH ENERGY? 


The comparatively sntall size of qua- 
sars—if we assume that they are hundreds 
of millions of light-years away — makes their 
tremendous outpouring of energy all the 
more remarkable. How can we account for 
it? Various explanations about the nature 
of quasars have been offered. 

According to one theory, proposed by 
George B. Field at the University of Cali- 
fornia, quasars are evolving galaxies. First, 
he suggests, an immense cloud of gas con- 
tracts. As the gaseous particles draw closer 
together, the gravitational force increases 
greatly. Finally, the entire mass collapses 
toward its center—a phenomenon called 
gravitational collapse. As a result, energy is 
emitted on a vast scale. In the course of 
time, stars are formed. As they build up 
larger atoms from smaller ones in the pro- 
cess of atomic fusion, more energy is re- 
leased. Finally, these stars explode as su- 
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pernovae, with still anot} 
energy. 
A team headed by 


r outpouring of 


tomas Gold of 


Cornell University has advanced a collision 
theory to account for the formation of qua- 
sars. They hold that the in the nuclei 
of certain galaxies begin to collide more and 
more often. These collision: account for the 
great energy release of sars, Another 


red by Stirling 


collision theory has been 
Mexico Institute 


A. Colgate of the New 


of Mining and Technok He believes 
that as small stars collide y combine to 
form larger stars. Later these stars explode 
as supernovae — or rather a number of "su- 
persupernovae," capable of emitting the 


amazing quantity of energy characteristic of 
quasars. 

Support for this line o! 
the origin of quasars was p 
by American astronomers J: mes Gunn and 
J. B. Oke of the Hale Observatory in Pasa- 
dena, California. They found that the qua- 


:soning about 
ented in 1974 


sar BL Lacertae is surrounded by a halo of 
many ordinary stars and may result from 
the collision of matter or «mall densely 


packed stars at the center of a spherical 
galaxy, with the collisions giving rise to the 
enormous energy release characteristic of 
quasar. The red shift of quasar BL Lacertae 
indicates that it is about one hundred mil- 
lion light-years away. 


INTERLOPERS COMPLICATE 


Shortly after quasars were first recog: 
nized, the puzzle was further complicated 
when Sandage discovered that certain 0b- 
jects did not emit enough radiation to be 
classified as radio sources but were like 
quasars in other respects, including remark- 
ably pronounced red shifts. These objects 
are sometimes called interlopers. 

Quasar-like objects not known to be 
radio sources have now been found to be 
at least as numerous as quasars that emit 
strong radiation. It is not known what rela- 
tionship, if any, exists between these tw? 
types of objects. 


COULD QUASARS BE NEIGHBORS? 


: t 
Thus far we have been assuming um 
quasars are at “cosmological distance 


from us—that is, that they are hundreds of 


millions of light-years distant and in some 
cases at outer limits of the known uni- 
verse. The estimates of distance are based 
on the degree of red shift of the quasar. 


yt all astronomers accept this 
juasar distance measurement, 
e do not accept the '*cosmo- 


1€S1S. 

Sor tronomers think that quasars 
may b mparatively nearby phenom- 
ena—ne that is, in terms of astronomi- 
cal dist This is called the ‘‘local hy- 
pothesis 

James Terrell, a physicist at the Los 
Alamos ntific Laboratory, has ad- 
vanced idea that quasars have been 
ejected a gravitational collapse at the 
center o own galaxy. This event may 
have taken place some 5 million years ago. 
The qua he believes, are now about 1 
million li years distant. At this distance, 
they would need to release far less energy 
to be stre emitters of radio waves and 
light rac n than if they were hundreds 
of milli light-years away. As for the 
source of this energy, perhaps it is emitted 
as the quasars pass at tremendous speeds 
through clouds of gas existing between gal- 
axies. 

STILL A PUZZLE 


The debate about quasars continues. 
Research by some astronomers indicates 
that the brightness of a quasar decreases as 
its red shift increases. This supports the 
concept of red shift as an indicator of 
quasar distance and thus the cosmological 
hypothesis. 

Other astronomers, however, point to 
Several cases where photographs seem to 
show a quasar lying very close to or even 
Connected to an ordinary galaxy, and yet 
the two objects have entirely different red 
shifts. These astronomers therefore claim 
that the degree of red shift is not an accu- 
rate indication of distance. In 1983 astron- 
Omers showed that the galaxy-quasar 
association could be merely an optical ef- 
fect. They proposed that light from a dis- 
tant quasar was bent by the gravity of a 
Massive object in the halo of a galaxy closer 


to earth. For an observer in line with the 
objects, this created an illusion of proxim- 
ity. 

Growing evidence for the existence of 
“black holes” lends support to the ‘‘local 
hypothesis.” A black hole is believed to be 
the completely collapsed last stage in the 
life history of a large star. In 1974 Dr. El- 
don C. Whipple, Jr., of the U.S. National 
Oceanic and Atmospheric Administration 
and Dr. Thomas E. Holzer of the U.S. Na- 
tional Center for Atmospheric Research 
claimed that quasars are really black holes 
relatively near the earth. They explain that 
black holes function as ''giant vacuum 
cleaners in the sky," sweeping up hot ion- 
ized gases present throughout space, and 
that once these gases reach a certain speed 
a shift to the red end of the spectrum oc- 
curs. If quasar red shift is indeed caused by 
such black hole phenomena, then quasars 
may be our “‘local’’ neighbors. 


Four quasars photographed using the Hale tele- 
scope at the Hale Observatories at Mt. Palomar, 
California. The first quasars identified—3 C 48 and 
3 C 273—were discovered in the early 1960's. More 
than 1,000 have been discovered since then, but 
their nature and distance from earth remain a 


puzzle. 
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An artist's conception of a black hole. 


BLACK HOLES 


by Mort La Brecque 


Black holes are the most fascinating 
and mysterious objects in the heavens. 

In the 1960's, the most important dis- 
coveries in astronomy were pulsars and 
quasars. Pulsars are regularly pulsating ra- 
dio and (in at least one instance) optical 
Sources. Quasars are optical and radio 
sources of enormous intensity, apparently 
at great distances from the earth. 

The detection of pulsars and quasars, 
made possible largely through advances in 
radio astronomy, led to the search in the 
1970’s for a new class of objects that may 
be the most bizarre physical phenomena in 
the universe. 
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H. K. Wimmer 


These phenomena are called blany 
holes. They are so called because ls. 
off no light and act like stellar es. 
cleaners, sucking in matter and energy frt 
space. T 

: Black holes, which are very small 
proposed by astrophysicists as L6 
stage in the life history of very lag 
Collapsed by the force of their own S OH 
black holes are deduced by scientists ' oe 
Albert Einstein's general theory of e 
ty. Einstein's theory drastically revis 
Newton's concept of gravitation. p 

If a black ole. is detected in p. 
Space—and one is believed to have 


discovered —the event will be significant 
for physics as well as for astronomy. Clas- 
sical physics cannot account for a black 
hole. If one exists, general relativity will 
be virtually confirmed. 


A PRODUCT OF AGE 


dinary as they are, black holes 
roducts of a universal phenom- 
cal aging. After thousands of 
rs, stars burn up their hydro- 


Extra 
are merely 
enon: phy 
millions of 


gen fuel and begin to cool and contract. As 
their dimensions decrease, their gravita- 

* tional forces increase. Eventually, all stars 
collapse under their own gravity. 


Like living things, stars resist gravita- 
tional coll: and death. Dying stars pro- 
duce internal pressures to fight the awe- 
some force of gravity, but nature plays a 
devious “trick” on them. Energy is equiva- 
lent to mass. As the stars produce more in- 
ternal energy, they increase their effective 
mass and gravitational attraction. Thus, the 
ultimate fate of a particular star depends on 
its mass. “The bigger they are, the harder 
they fall” applies to stars as well as to prize- 
fighters. The more massive the star, the 
stronger its internal energy, the larger its 
gravitational attraction, and the greater its 
collapse. 


WHITE DWARFS AND NEUTRON STARS 


Small stars, such as our sun, collapse 
to objects called white dwarfs. About the 
size of the planet earth, white dwarfs resist 
further collapse with internal pressure 
caused by electrons spinning at near the 
velocity of light—300,000 kilometers a 
Second. White dwarfs are very dense ob- 
jects—a cubic centimeter weighs several 
tons. 

But white dwarfs are lightweights 
compared to neutron stars. These objects 
are the evolutionary end products of larger 
Stars, from 1.4 to 2 times as large as the 
sun. Electrons cannot resist the greater 
gravitational collapse of such stars and are 
Pushed into atomic nuclei, where they 
Combine with protons to form uncharged, 
tightly packed neutrons. Neutron stars are 
only a few kilometers in diameter. They 
Weigh about one million tons per cubic cen- 


timeter. They can resist further collapse 
only by “invoking” the strongest force in 
nature—appropriately called the strong 
force — which binds atomic nuclei. 

The strong force halts the imploding 
matter so abruptly—in a tenth of a sec- 
ond —that the collapsed stellar cores act as 
charges to set off supernova explosions in 
the stars' outer portions. Such celestial 
fireworks, observed by Chinese astrono- 
mers in July 1054, produced the Crab neb- 
ula, a cloud of gas that still writhes and 
glows 6,000 light-years from earth. A light- 
year is a measure of distance, equivalent to 
the distance that light can travel in one year, 
or about 9,600,000,000,000 kilometers. 


LARGE STARS BECOME BLACK HOLES 


What happens to a dying star that is 
more than twice as large as the sun? Even 
the strong force cannot halt its infalling 
momentum, and it collapses completely, 
beyond the neutron-star stage, to an even 
smaller, denser object, the black hole. Com- 
plete collapse does not mean that the black 
hole vanishes from the universe. The struc- 
ture of space-time, as described by Ein- 
stein, precludes an infinite collapse and 
produces instead an immaterial, invisible 
but real curvature of space. A black hole 
can be compared to a hefty invisible man 
who sits on a couch. He cannot be seen, 
but his weight creates a depression in the 


at. 

a Black holes are nothing new to theoret- 
ical physicists. They were first proposed in 
1939 by J. Robert Oppenheimer and Hart- 
land S. Snyder as a consequence of general 
relativity, but there was no way known of 
detecting them at that time. 

However, with the recent development 
of radio astronomy and the detection of 
inexplicable radio signals from deep space, 
black holes have become à subject of great 
interest to astronomy. It is believed that 
these theoretical objects could play a role in 
such extraordinary energy phenomena as 
quasars and pulsars. Black holes and neu- 
tron stars are the only objects known to 
physics that are sufficiently compact and 
massive to fulfill astronomical observations 
of those very strong emitters of radiation. 
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PROPERTIES OF BLACK HOLES 


With little equipment, physicists have 
developed a fairly comprehensive descrip- 
tion of black holes. Unlike every other 
physical object, black holes have neither 
size nor shape in the conventional sense, 
according to Drs. John Wheeler and Remo 
Ruffini of Princeton University. But they 
function within a diameter of about 15 kilo- 
meters; they have masses ranging from that 
of the sun to a hundred million times as 
much; and they act like vortices. Any stray 
matter or energy that passes too close to a 
black hole — within a critical distance called 
its horizon—will be irresistibly drawn into 
the vortex which is the black hole. Violent 
tidal forces within the black hole stretch the 
matter in one direction and squash it in an- 
other, until it literally decomposes to be- 
come part of the black hole’s curved space. 

Other black-hole properties are even 
stranger. Space and time exchange their 
characteristics inside the completely col- 
lapsed star. Under normal conditions, an 
object maintains its size but is subject to 
physical aging. Inside the black hole, it 
doesn’t age, but continuously becomes 
smaller. Observers at a safe distance from 
the black hole could not actually see it, 
because light, like other forms of energy, is 
vulnerable to a black hole’s suction. As 
light is drawn in, it shifts infinitely to the red 
end of the color spectrum, rendering the 
black hole black and therefore invisible. If 
black holes were somehow visible, observ- 
ers would see these stars as they appeared 
just before collapse, even if the collapse 
had occurred thousands of millions of years 
earlier. This is because as soon as the star 
becomes a black hole, it is frozen in time 
with reference to observers outside it. “All 
signals and all information from the later 
phases of collapse never escape; they are 
caught up in the collapse of the [space-time] 


geometry itself," according to Drs. Wheel- 
er and Ruffini. 


HOW MANY ARE THERE 


, How many black holes are there in the 
universe? According to A. G. W. Cameron 
of Yeshiva University, the universe may be 
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teeming with them. Cosmological theory 
predicts that the universe co 8 a precise 
amount of matter. But astronomers have 
deduced from their observations that there 
is not nearly enough matter to satisfy the 
predictions. Observed matter is less than 
predicted matter by a ver onsiderable 
amount. Dr. Cameron suggests that the 
missing matter may have b swallowed 
up by large numbers of black holes. 

The chemical history of the universe 


indicates that the first stars to be formed 
were very massive and would be expected 
to evolve into black holes. It is not known 
Copernicus, code name for the latest orbiting as- 
tronomical observatories, is ally equipped 
with X-ray and ultraviolet teles s to study star 
phenomena. Below: diagram jing some of 


jea of Coper- 


Copernicus' equipment and artis 
nicus in orbit. 


Grumman Corp. 


with certainty that all large stars inevitably 
develop into black holes. Scientists have 
not shown t highly asymmetric stars— 
stars not nearly as symmetric as pefect 
spheres—are subject to this fate. Minor 
asymmetries in shape, however, will not 
save a larg ir, according to the Soviet 
physicist Y Zeldovich and the English 
team of Steven Hawking, Roger Penrose 
and Robert och. 
DETECTING ACK HOLES 

One way of detecting black holes is 
through the gravity waves they emit at the 
time they collapse. Any stellar mass of 
asymmetrica! shape gives off gravitational 
radiation. Bet only gravitational collapse, 
involving v arge masses and very rapid 
increases in radiation, is expected to pro- 
vide an obv ly detectable source. Joseph 
Weber of the University of Maryland, a 
pioneer in the field of gravitational radia- 
tion, has detected many events that indicate 
the large-s lestruction of matter in the 
universe through gravitational collapse. His 


equipment consists of instrumented alumi- 
num antennes suspended by wires inside 


The Uhuru satellite, right, was the first satellite de- 
signed for X-ray astronomy. It located the X-ray 
source Cygnus X-1, whose location is shown below 
in the area of overlap between the error boxes la- 
beled MIT and ASE. Detail is shown at lower right. 
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shielded chambers. This equipment is ca- 
pable of detecting black holes but, unfortu- 
nately, not with precision. 

However, a way around this problem 
has been proposed, which takes advantage 
of the present state of astronomical tech- 
nology. In fact, astronomers believe they 
have already located a black hole in space. 

When stray matter, such as is contained 
in interstellar gas clouds, drifts past a black 
hole’s horizon, it funnels down into the col- 
lapsed star. Professors Zeldovich and I. D. 
Novikov proposed that the matter is then 
heated by compression and radiates energy. 

Black holes, however, would not pass 
through gas clouds very often. A better 
chance of locating one occurs when the 
black hole belongs to a binary-star system 


(two stars that revolve around each other) 
NASA 
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Artist's conception of what may be the arrangement of a bina 
which one star is visible and the other is a black hole in orbit ar 


omers have now tied the binary system HDE 226868 to the X-r 
X-1 and have found evidence of the visible star's gas clouds sw 


NASA 
r system, in 


X-1, which has been identified as a black hole. 


and is drawing in matter constantly. Matter 
from thermonuclear explosions on the near- 
by star’s surface will be pulled into orbit 
around the black hole, spiral downward and 
produce large emissions of radiation. In the 
early 1970’s Drs. Wheeler and Ruffini 
stated that such emissions could be detect- 
ed by X-ray astronomy. 


A POSSIBLE BLACK HOLE 


In 1970, a United States artificial satel- 
lite, the Uhuru, was launched off the coast 
of East Africa. (Uhuru is the Swahili word 
for “‘freedom.”) Its purpose was to detect 
Stellar sources of X rays, free of the inter- 
ference of the earth’s atmosphere. Uhuru 
has found over 100 stars that give off X-ray 
pulses. The three strongest are: Cygnus X- 
1 in the constellation Cygnus; Centaurus 
X-3 in the constellation Centaurus; and 
Lupus X-1 in Lupus. The first studies were 
of Cygnus X-1 and Centaurus X-3, 
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d it. Astron- 
irce Cygnus 
into Cygnus 
Cygnus X-1 pulses very rapidly. n 
of pulsation is second only to NP-0532 1 


the Crab nebula, an X-ray- and radio 
emitting pulsar and very likely a remnant o 
the A.D. 1054 supernova explosion. Cen- 
taurus X-3 pulses far more slow ly than any 
known pulsar, but unexpectedly discharges 
as much energy as the Crab pulsar Ne 
Unlike conventional pulsars, Cygnus X- 
and Centaurus X-3 emit no radio waves 
and have no detectable gas clouds. — . 
These X-ray sources must be rotae 
gravitationally-collapsed objects, but t i 
are certainly not ordinary neutron m 
Three other possibilities remain: they i 
peculiar neutron stars, or they are an U k 
known class of objects, or they are dd 
holes producing great quantities of ra 
tion when matter funnels into them. r 
The argument for black holes ee. 
greatly strengthened late in 1971 be 
Uhuru data indicated that Cygnus X-! 


very close to a massive, old supergiant star. 
This suggests that it is a member of a 
binary-star system. Observing the super- 
giant optically, astronomers found that it is 
circling an unseen object once every 5.6 
days. They also found what they con- 
sidered to be a cycle of X-ray emissions. 
Uhuru subsequently began extended obser- 
i erified the length of the cycle. 
astronomers in England and 


the United States officially designated 
Cygnus X-! as a black hole. In 1983 U.S. 
and Canadian astronomers told of another 
candidate: an invisible X-ray source in the 
Large Magellanic Cloud that is circled in 


less than two days by a faint blue star. 
MODEL OF THE UNIVERSE? 


If astronomy has finally responded to 
physics’ proposal of black holes, physicists 
are thanking astronomers in a time-honored 
fashion of science: by setting them a new 
and difficult task. Einstein’s general theory 
of relativity is mathematically time-sym- 
metric: the theory indicates that relativistic 
processes operate in two opposite direc- 
tions. It is like a movie that can be shown 
running backward as well as forward. This 
means that while black holes implode and 
absorb matter and energy, there must also 
be stars that simultaneously explode and 
emit matter and energy somewhere in the 
universe. Color-conscious physicists have 
named these theoretical stars white holes. 
At present, nobody knows how white holes 
express themselves in space. or what role 
they play in stellar energy phenomena. 

_ Black holes and white holes may have 
àn importance greater than that of all stars; 
Balaxies, and clusters because they may 
offer a model of the life, death, and rebirth 
of the universe itself. According to one cos- 
mological theory currently favored by 
many physicists and astronomers, the uni- 
verse has a life cycle like all the physical 
and biological objects within it. The cycle 
begins with an explosion of incredible mag- 
nitude—the big bang—which sends matter 
and energy fiying apart in all directions. At 
first, the objects within the universe recede 
from one another at great speed, as if they 
Were spots on an expanding balloon. The 
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This 1929 photograph of the Tunguska region of 
Siberia shows trees charred by a mysterious explo- 
sion in 1908—an explosion many believe was 
caused by a comet or meteorite impact but some 
now speculate may have been caused by a "mini" 
black hole colliding with the earth. 


force of gravitation gradually slows down 
their expansion. Eventually, their mutual 
gravitational attraction causes the stars to 
reverse direction and come back toward 
one another at an increasing speed, some- 
what the way the spots will rush together 
when air is let out of the balloon. Finally, 
all the matter in the universe reaches the 
same point simultaneously, and another big 
bang occurs to begin another cycle of the 
universe. Some astronomers question this 
theory, however. Some believe that there 
is too little matter in the universe to create 
the gravitational attraction necessary for 
the contraction phase of the cycle, and that 
therefore the universe will expand forever. 


Still others take an opposite view, believing 
that the force of gravity will draw all matter 
together until it collapses. 

What do black holes and white holes 
have to do with theories of the universe? It 
is believed that the physical processes that 
occur when a large star suffers gravitational 
collapse and becomes a black hole are the 
same processes that would be involved in 
the collapse of the universe. Similarly, 
whatever happens inside a white hole 
would be identical with the big bang. Many 
scientists believe that the discovery and 
study of these objects will increase our un- 


derstanding of the universe. 
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ROCKETS 


by Willy Ley 


The statement has often been made 
that the space age began on October 4, 
1957, when the Soviet Union put the first 
artificial satellite— Sputnik 1—into orbit 
around the earth. Actually this event was 
the culmination of many years of thought 
and work. Before an artificial satellite could 
be orbited, rockets large enough and fast 
enough to do the job had to be designed and 
tested. Before these rockets could be built, 
the science of physics had to find the natu- 
ral laws that applied to rockets. The science 
of engineering had to develop the necessary 
materials and techniques. 

The first, faltering steps that led to to- 
day’s achievements were taken less than a 
hundred years ago. But interest in flights to 
heavenly bodies in space goes back many 
centuries. For example, we find two tales of 
trips to the moon in the writings of Lucian 
of Samosata, a Greek writer of the second 
century. In his True History, a ship is 
blown all the way to the moon by a storm. 
The tale called Ikaromenippus tells of a 
man who flies to the moon, using wings 
made from the feathers of large birds. 

In all the earlier writings on the subject 
it was assumed that the earth’s atmosphere 
reached all the Way to the moon and other 
heavenly bodies. The problem, it seemed, 
was to perfect a craft that could fly through 
the air. We now know that the air, or atmo- 
sphere, is a film that extends only a compar- 
atively short distance above the ground, 
Ninety-nine per cent of this film lies within 
32 kilometers of the earth’s surface. At an 
altitude of 160 Kilometers, the molecules 
and ions (charged particles) making up the 
atmosphere are few and far between. Be- 
cause of this, airborne devices Such as bal- 
loons, dirigibles, and airplanes have not 
been stepping-stones to Space, since none 
of them can stay aloft without a Supporting 
atmosphere. 

Yet, curiously enough, a device that 
can bridge the gulf of Space between the 
earth and other heavenly bodies has been 
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Here, in miniature, the excitement of the ittota 
a full-scale rocket is being duplicated by mo! 
rocketeers. 


known to mankind for centuries. This de- 
vice is the rocket, which was used by the 
Chinese in warfare as early as the thir- 
teenth century. The device is based upon 
Sir Isaac Newton’s third law of moton 
which states that for every action there mus 
be a reaction, equal in force but opposi 
in direction. This law explains the recoil 0 
a gun or rifle. At the moment of firing, there 
is a backward thrust (recoil) corresponding 
to the forward thrust of this weapon; n 
Case of a big gun, this recoil is very formica 
ble. In a rocket, the firing of the fuel causes 
gases to be expelled from the rear. The n 
Coil causes the rocket to dart forward ! 

the opposite direction. 


As long as the rocket fuel in a large 
modern rocket burns and shoots out thou- 
sands of millions of molecular bullets — the 
combustion gases — there will be recoil that 


will push rocket ahead. The motion is 
virtually pendent of the air surrounding 
the rocket. In fact, the device would func- 
tion even more efficiently in an absolute 
vacuum. For one thing, there would be no 


air to resist the rocket's forward motion. 


Even more important, there would be no air 
resistance to impede the exhaust. Hence 
the exhaust velocity would be greater than 
if the rocket were traveling through the 
atmosph the thrust would be greater. 
The thrust of the rocket depends on only two 
factors. The first is the quantity of combus- 
tion gases produced (which, of course, cor- 


responds to the amount of fuel being 


burned). The second factor is the speed 
with which these gases are ejected. 
Jet-propelled aircraft also move by 
recoil, but such craft could never be used 
for space ‘light. The reason is that a jet en- 
gine depends upon the oxygen in the air for 


ion of its fuel. In the typical 
oxygen needed to burn the fuel 
is carried along, either in a separate tank (in 
liquid-fuei rockets) or in the form of an 
oxygen-rich chemical that is mixed with the 
fuel (in solid-fuel rockets). 


EARLY RESEARCH 


The first man to realize the possibilities 
of the rocket in space flight was a German 
inventor, Hermann Ganswindt, who began 
to lecture on rockets and space flight in the 
last decade of the nineteenth century. A 
contemporary of his—a Russian school- 
teacher named Konstantin Eduardovitch 
Tsiolkovsky —also called attention to the 
rocket as a device capable of penetrating 
the atmosphere and passing into outer 
Space. 

Neither Ganswindt nor Tsiolkovsky 
created much of a stir. For one thing, the 
only rockets in existence at the time were 
of the so-called black-powder type- Black 
powder—that is, black gunpowder, made 
from charcoal, saltpeter (potassium nitrate), 
and sulfur—is about the weakest fuel that 
Could be used to propel a rocket. Besides, 


most people thought of rockets as devices 
used for fireworks. Hence the idea of a 
rocket soaring far out into space struck 
them as comical. Ganswindt and Tsiolkov- 
sky were theorists; neither performed ex- 
periments with the idea of improving rocket 
performance. 

The first man to do serious research in 
rocket development was an American, Pro- 
fessor Robert H. Goddard, of Clark Uni- 
versity in Worcester, Massachusetts. He 
systematically investigated various kinds of 
gunpowder to find which had the greatest 
exhaust velocity when used in a rocket. He 
also made a mathematical analysis of rocket 
motion. Goddard’s findings were presented 


Saturn V rockets launched Apollo spacecraft from 
Kennedy Space Center in the 1970's. Really three 
rockets in one, Saturn is able to achieve the great 
speeds needed to put a spacecraft into orbit. 
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in 1919 in a Smithsonian report entitled 
A Method of Reaching Extreme Altitudes. 

Four years later, a book called The 
Rocket to Interplanetary Space (Die Rak- 
ete zu den Planetenrüumen), by Professor 
Hermann Oberth, was published in Ger- 
many. It strongly advocated the use of liq- 
uid fuels, discussed the possible construc- 
tion of liquid-fuel rockets, and considered 
the problems of orbiting the earth with such 
devices. Oberth's book led to the formation 
of the Society for Space Travel (Verein für 
Raumschifffahrt) in 1927, with the goal of 
actually building the rockets contemplated 
by Oberth. In the meantime, Professor 
Goddard had also become interested in liq- 
uid-fuel rockets, and he constructed a num- 
ber of them. On March 16, 1926, one of 
these craft made a short flight from a farm 
near Auburn, Massachusetts. It was the 
first liquid-fuel-rocket flight in history. 


RAPID DEVELOPMENT 


Today the rocket has reached a Stage 
of development that would have seemed 
fantastic even a generation or two ago. The 
foremost achievement technologically has 
been the development of advanced rock- 
etry for the exploration of space. Every 
flight into space begins with a rocket launch- 
ing. Many artificial satellites have been 
placed in orbit and are invaluable for com- 
munications, meteorological, and earth ob- 
Servation purposes. Unmanned space 
probes have been sent to Mercury, Venus, 
Mars, and Jupiter with precise maneuvers 
for favorable observation sites carried out 
by small rocket firings. And, in what has 
probably been the most Spectacular use of 
rockets, manned Space flights have been 
sent to the moon and to establish and trans- 
fer crews to orbiting space stations, 

Rockets are also an important part of 
the arsenal of many nations. They can be 
equipped with deadly weapons and fired 
with great accuracy at short-, intermediate-, 
and long-range targets. 


TWO MAJOR TYPES OF ROCKETS 


It is now time to take a closer look at 
the rocket, the very symbol of the space 
age. All rockets in actual use at the present 
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time belong to one or the other of two 


groups: liquid-fuel and solid-fucl. Thus far 
it is the liquid-fuel rocket that has been the 
workhorse of the space program. The solid- 
fuel rocket has served mainly as a military 
weapon. However, it has also played a 


minor part in space exploration and could 


conceivably play a larger part later on, 
Other rocket types are under development, 
including the hybrid rocket, the atomic 
rocket, and the ion-drive rocket. We shall 
consider each of these types in turn. 
LIQUID-FUEL ROCKET 

The typical liquid-fuel rocket used in 
space flight consists of the following parts 
from top to bottom, as it stands on the firing 
pad: the nose cone, the instrument section, 
the fuel-tank section, and the rocket engine. 
Actually, as we shall see, there are always 


two or more rockets in series in space 
flights, each having its own instrument sec- 
tion, fuel-tank section, and rocket engine. 
There is one nose cone for the combined 
rocket. A 

The nose cone holds what engineers 
call the “payload.” It may consist of a 
package of scientific instruments, in the 
case of a research rocket. It may be a 
manned space capsule which is to go in or- 
bit around the earth or the moon. In a bal- 
listic missile, the payload is the nuclear 
warhead. 

The instrument section (also called the 
guidance section) contains the instruments 
that guide and regulate the flight of the 
rocket and also transmit information about 
the rocket's flight to the ground. . 

The fuel-tank section is the bulkiest 
Part of a rocket. One tank in this section 
holds the fuel. In another tank is the oxi- 
dizer, which causes combustion when it 
reacts chemically with the fuel. In most liq- 
uid-fuel rockets the fuel is either alcohol or 
refined kerosene (called RP-1, “RP” stand- 
ing for “rocket propellant”); the oxidizer is 
liquid oxygen. In rockets of this type, igni- 
tion must be provided to bring about com- 
bustion. There are various types of igniters. 
Pyrotechnic powder squibs (really fire- 
works), set off by electricity, may serve the 
Purpose. Ignition may also be provided bY 


Both jet-prog 


elled planes and rockets are based on 


the recoi! ciple, described in the text. However, 
in the jet ve, such as the ramjet shown above, air 
(which « ains oxygen) is drawn in and mixed 
with injected fuel and the mixture is then ignited. A 
rocket, c \e other hand, carries its own oxygen 
supply in form of an oxidizer. In the liquid-fuel 
rocket (near right), the fuel is separate from the 
oxidizer. Fuel is mixed with the oxidizer and ignited 
in the combustion chamber. In the solid-fuel rocket 
(far right), the oxidizer is contained in the fuel itself. 
After the fuel is ignited, it burns outward from a 
central core. The fuel tank itself thus becomes the 


combustion chamber. 


plugs that are made to glow as electric cur- 
rent courses through them. 

. Certain fuels and oxidizers require no 
igniter when used in combination, since 
they start burning on contact. These are 
known as hypergolic propellants. Thus the 
hypergolic liquid aniline will burst into 
flame if it comes in contact with an oxidizer 
such as nitric acid (a compound of oxygen, 
hydrogen and nitrogen: HNO,). In the 
most frequently used hypergolic combina- 
tion, a chemical called unsymmetrical di- 
methyl hydrazine (abbreviated UDH and 
Sometimes called dimazine) is the fuel; ni- 
tric acid is the oxidizer. 

A fuel consisting of hydrogen and oxy- 
gen is now used for upper-stage rockets. 
These rockets are considered to be of the 
liquid-fuel variety, for the hydrogen and 
Oxygen are used in liquid form. 

Below the fuel-tank section is the rock- 
et engine, consisting of the rocket motor 
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Rocket 
and several auxiliary devices such as 
pumps, turbines, and rudders. The rocket 
motor has two basic parts. One of these is 
the combustion chamber, where the fuel 
and oxidizer come together and are burned. 
The other is the exhaust nozzle, which is 
shaped in such a way that the exhaust blast 
resulting from combustion leaves with the 
highest possible velocity. Pumps force the 
two liquids—fuel and oxidizer—into the 
combustion chamber. These pumps are of 
the centrifugal variety and are driven by a 
turbine. In modern liquid-fuel rockets, the 
turbine is driven by the same fuel that 
powers the rocket. ; 

An important element of a rocket is the 
steering mechanism, which carries out the 
orders that come from the guidance equip- 
ment. There are two ways of steering a 
large liquid-fuel rocket. One method em- 
ploys rudders set in the exhaust blast and 
made of graphite to withstand the intense 
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n one type of atomic engine, hydrogen gas is stored in liquid form and is then 

he out of the storage tank by a pump operated by a turbine. The pump 
drives part of the hydrogen into an atomic reactor: the rest passes through the 
cooling jacket of the engine to cool it. The heat of the reactor evaporates the 
liquid hydrogen instantly and heats it so that it acquires a high pressure. Part 
of the gas turns the blades of the turbine; the rest of the hydrogen gas goes 
through the exhaust nozzle, providing thrust for the rocket. 


heat. Turning on hinges, the rudders deflect 
a part of the exhaust and thus provide steer- 
ing. In the more modern steering method, 
the whole rocket engine is hinged and 
serves as the rudder. 


THE SOLID-FUEL ROCKET 


As in the liquid-fuel rocket, the pay- 
load of the solid-fuel rocket is on top, fol- 
lowed by the instrument section and fuel 
section. There is only one fuel tank, made 
of strong steel. It contains synthetic rubber 
into which an oxygen-rich chemical has 
been kneaded during the manufacturing 
process. The fuel feels about the same to 
the touch as an automobile tire. It is in the 
form of a tube with very thick walls and a 
small central hole extending from the top 
to the bottom of the tube. The fuel burns 
outward from the central hole, which con- 
stitutes the combustion chamber. A pyro- 
technic igniter is used to bring about com- 
bustion. This igniter consists of an electric 
wire surrounded by a powder charge; when 
the wire is heated, it sets off the charge. 

In a solid-fuel rocket, the “fuel tank" 
and the "combustion chamber” are one and 
the same. The steel tube containing the fuel 
is also the motor, and that is the name given 
to it. The exhaust nozzle is attached 
(usually welded) to the lower end. The 
rocket can be steered by setting rudders in 
its exhaust blast, as in the liquid-fuel motor. 
Another method consists of injecting a 
high-pressure inert gas into the exhaust 
nozzle, thus deflecting the exhaust blast, 


A COMPARISON 


At first glance, the solid-fuel rocket 
would seem to offer certain definite advan- 
tages. For one thing, it is a fairly simple 
device, consisting basically of a large tube 
of high-grade steel. Hence it is much cheap- 
er to construct and maintain than the liquid- 
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fuel rocket. The latter is a complicated de- 
vice, requiring even more careful servicing 
than a passenger-carrying airliner. Another 
point in favor of the solid-fuel rocket is that 
once the synthetic-rubber fuel is in place, it 
can be readied for firing in a short time. The 
firing of a liquid-fuel rocket is a complicated 
procedure. In the countdown before the 
firing of such a rocket, many things can, and 
Sometimes do, go wrong. 

However, solid-fuel rockets also have 
certain disadvantages. Since the steel tube 
holding the fuel charge has to be strong, it is 
unusually heavy. In the liquid-fuel rocket. 
Combustion does not take place in the fuel 
tanks that make up most of the rocket's 
bulk, so that the “skin,” or covering, can be 
comparatively thin. Hence the structural 
Weight of the liquid-fuel rocket can be kept 
down. As for the synthetic-rubber fuel of 
the solid-fuel rocket, it costs much more 


than the fuels used in liquid-fuel rockets. 

The solid-fuel rocket is far less flexible, 
too, than the liquid-fuel variety. Once the 
solid-fue! charge has been ignited, it will 
burn until it has been completely con- 
sumed; its thrust cannot be modified. How- 
ever, the thrust of a liquid-fuel rocket can 
be adjusted by changing the rate at which 
the fuel and oxidizer are pumped into the 
combustion chamber. Not only can the 
burning of the fuel be stopped completely 
but it can also be started again. 

To summarize, both liquid-fuel and 
solid-fuel rockets have advantages and dis- 
advantages. Probably because of its high 
structura! weight, its lack of flexibility, and 
its costly fuel, the solid-fuel rocket will 
never be so important a factor in space 
flight as the liquid-fuel type. It has served in 
rocket launches, but only on a small scale. 
Probably its chief use in space flight will be 
in combination with liquid-fuel rockets. 
The Titan III C combines solid and liquid 
fuels. 


OTHER TYPES OF ROCKETS 


An interesting rocket now under de- 
velopment is the hybrid. It is so called be- 
cause, though its fuel is solid, its oxidizer is 
not. In this case, the oxidizer is gaseous 
oxygen. There is a spherical pressure tank 
for oxygen and a tubular fuel charge with a 
central hole. When the rocket is to be fired, 
oxygen gas is made to flow through the cen- 
ter hole of the fuel charge, and ignition is 
provided at the same moment. Hybrid 
rockets combine the flexibility of the liquid- 
fuel rocket—since the flow of oxygen gas 
can be regulated and stopped—with the 
simplicity of the solid-fuel rocket. But the 
structural weight is even higher proportion- 
ately than that of a steel-cased solid-fuel 
rocket, The chances are, therefore, that 
hybrid rockets will be used only as auxil- 
lary devices. i 

Another possible rocket of the future is 
the nuclear rocket. Here the “rocket mo- 
tor” is an atomic reactor designed to liber- 
ate large quantities of heat. Above this 
reactor is a tank holding liquid hydrogen. 
There are also various pumps and auxiliary 
devices. When the nuclear reactor is hot, 


the hydrogen is permitted to flow around it 
and through it. The heat from the reactor 
not only evaporates the liquid hydrogen 
instantly, but it also heats the gas so that it 
acquires a high pressure. The hot hydrogen 
gas is then permitted to escape through the 
exhaust nozzle to provide thrust. Note that 
the hydrogen is not ignited. When fully 
developed, the nuclear rocket is expected 
to be about twice as powerful as rockets 
of the same dimensions using chemical 
fuels. 

A nuclear rocket might not be 
launched directly from the ground because 
of the danger of radioactive contamination. 
Also the high-temperature exhaust might 
combine chemically with the oxygen con- 
tained in the air at lower levels. Hence the 
rocket might have to be launched by a 
chemical-fuel rocket to a considerable 
height before it could start operating on its 
own. 

The United States is at present de- 
veloping a nuclear rocket in the NERVA 
program (Nuclear Engine for Rocket Ve- 
hicle Application). At least a dozen reactors 
and engines have been successfully tested 
in this program. One of the most recently 
tested engines, the XE, produced 25,000 
kilograms of thrust in ground tests. 

An ion-drive rocket is also under de- 
velopment. In this device, electrically neu- 
tral atoms or molecules are converted into 
ions carrying an electric charge. The ions 
are then accelerated by means of electrical 
fields to form a very rapid exhaust. Because 
the quantity of ions that can be produced in 
the device is small, it is desirable that they 
should be heavy in order to achieve maxi- 
mum thrust. This means that they should be 
ions of a heavy metal. Unfortunately most 
such metals happen to be naturally radioac- 
tive, and this would bring about complica- 
tions, including a danger factor. The com- 
paratively few heavy metals that are not 
radioactive are generally rare. In fact, there 
are only two metals that qualify in every 
respect for the proposed ion-drive rocket: 
cesium and mercury. Both have been test- 
ed in the laboratory and by means of ver- 
tical rocket shots going beyond the atmo- 


sphere. 
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ACHIEVING SPACE FLIGHT 


In order to be used effectively in space 
missions, a rocket must have a satisfactory 
mass ratio. It must achieve circular veloc- 
ity if its payload is to go into orbit around 
the earth. It must achieve escape velocity if 
its payload is to escape entirely from the 
earth’s gravitational attraction. 

Mass ratio. To explain what this term 
means, we should first point out that the 
weight of any rocket, ready for takeoff, is 
the sum of three units. The first of these is 
the payload, which is the reason for the 
flight. The second unit is the fuel load. The 
third is the dead weight, or the dry weight, 
as the British call it. It is equivalent to the 
total weight of the rocket structure, includ- 
ing the rocket engine, fuel pumps and the 
like, but not including the payload or the 
fuel. Payload, fuel load, dead weight — these 
together make up the takeoff mass. After 
the fuel has been burned, payload and emp- 
ty rocket are the "remaining mass." If you 
divide the takeoff mass by the remaining 
mass, you obtain the mass ratio. 

Let us say, by way of example, that the 
takeoff mass is 45 metric tons and the re- 
maining mass is 15 metric tons. In this case 
the mass ratio is 3:1, Suppose you could 
build a rocket with the same takeoff mass 
but with a lower structural weight, so that 
your fuel load would be a higher percentage 
of the total. You would then have a rocket 
that would burn longer; it would reach a 
higher velocity and would have a longer 
range. A goal of good rocket engineering 
therefore is to make the mass ratio large. 
This is much the same thing as saying that 
the dead weight must be kept comparative- 
ly low. No rocket intended for space flight 
can be successful unless this Objective is 
met. 

Circular velocity and escape velocity. 
The circular velocity is that which is re- 
quired for a rocket to put a payload in Orbit, 
without further expenditure of fuel, around 
a planet, such as the earth. The escape ve- 
locity is that required for the payload to 
escape from the gravitational attraction of 
that planet. It can be determined by mul- 
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tiplying the circular velocity the square 
root of 2, or approximately 1. The fig- 
ures for circular velocity an: ‘ape velo- 
city differ for each planet ause they 
depend on the planet's mass. l^ the case of 
the earth, the circular veloc s approxi- 
mately 8 kilometers per second the escape 
velocity, 11 kilometers per s nd. If we 
lived on the smaller planet M the velo- 
cities would be lower. 

Actually, no single rock red from 
the earth has ever achieved circular veloc- 
ity, let alone escape velocity en if the 
mass ratio were 7.4: 1, the rockets velocity 
would not exceed 4,900 meters per sec- 
ond that is, only about 5 kilometers per 
second. But any rocket engineer will tell 
you that even with the best methods of de- 
sign and construction, it is impossible to 
build a rocket with the mass ra 4:1. 

The step principle. Circul velocity 
and escape velocity are achiev »y apply- 
ing the step principle. By this we mean that 
the payload of one rocket is another rock- 
et—a much smaller rocket, of course, since 
it must fit in the first one. When the fuel of 


the first step, or stage, has been used up, the 
second stage takes over, This stage is mov- 
ing rapidly before it even begins to operate 
on its own; hence it attains a much greater 
speed than the first stage. We could add a 
third or fourth or fifth stage. 

Let us assume that the rocket of the 
first stage has a mass ratio of 2.72:1 and 
reaches a velocity of 2,400 meters per sec- 
ond. The second stage, which was the pay- 
load of the first stage and also has a mass 
ratio of 2.72:1, then takes over. It also 
reaches a velocity of 2,400 meters a sec- 
ond. But since it was already moving at the 
rate of 2,400 meters per second before it 
was even ignited, its final velocity would be 
4,800 meters per second. If there were à 
third stage with the same mass ratio, its 
final velocity would be 7,200 meters per 
second. This would be just about enough to 
reach orbit. 


THE ROCKET AND ITS PAYLOAD 


The early pioneers of space flight 
thought of the rocket as a device that would 


The step principle is applied in launching an Apollo Launch 
spacecraft Saturn V launch vehicle consists of escape 
three rockets, or stages. The firing of each stage in- t 
creases craft's velocity until it is traveling fast system 
enough to enter into orbit around the earth. Command 
module 
someday 20 into orbit around the earth or Service 
module 


perhaps make its way to the moon or to a 


far-off planet. Nowadays the rocket has 
come to be considered as the power source 
that can launch into space a much smaller 
craft, constituting the payload. The launch- 
ing rocket is called the launch vehicle, or 
booster 


Since the liquid-fuel rocket, which is 


used as a launch vehicle in practically all 
space flights at the present time, is compar- 
atively thin-skinned, it cannot be fired from 
atube or a launching rack. It must be set in 
place for a launching in a vertical position 
on a concrete structure called a firing pad. 


The men who control the launch are sta- 
tioned in a “blockhouse,” which can with- 
stand the shock waves generated by the 
rocket engine. An official called the range 
safety officer can destroy in flight any rock- 
et that is not functioning as desired or that 
has veered badly off course. Naturally this 
method could not be used if it involved de- 
stroying the payload of a manned-rocket 
flight. Another technique, involving a 
launch escape tower, is employed. 
Considering the fantastic speeds that 
are eventually attained by the rocket, its 
flight during the first few seconds after take- 
off seems slow. When the rocket lifts off the 
firing pad, it travels less than its own length 
during the first second. The velocity is 
about 12 meters per second at the end of 
the first second; 24 meters per second at 
the end of the second; 36 meters per second 
at the end of the third; and so on. The ve- 
locities increase rapidly for several reasons. 
In the first place, the rocket is steadily los- 
ing weight as its fuel is being rapidly con- 
sumed. Second, the thrust of the rocket 
becomes stronger as the rocket reaches 
thinner and thinner layers of the atmo- 
Sphere, where there is decreasing Tesis- 
tance to the exhaust. (As we have noted, a 
rocket would work best in an absolute vac- 
uum.) Because of these factors, the rocket 
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is moving slightly faster than one and one- 
half kilometers per second one minute after 
takeoff. i 
Once the rocket has completed its 
launching mission, it is detached from the 
next stage. Naturally the final stage of n 
rocket that has reached circular velocity 
and has put the payload into orbit will go 
into orbit too. It will then — after separation 
from the payload —form part of the "space 
junk" that keeps trackers busy. Itno longer 
performs any useful function. It is the pay- 
load that carries out the flight mission —ex- 
ploration, or the establishment and use of 


orbiting space stations. 
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GUIDANCE 
IN SPACE 


by E. P. Felch 


The success of space programs and of 
long-range missiles depends to a large mea- 
sure upon ability to guide vehicles in space. 
We may think of space guidance as an ex- 
tension of air navigation to the regions be- 
yond the earth’s atmosphere. Air naviga- 
tion itself represents the addition of a third 
dimension —altitude—to the more familiar 
two-dimensional problem of finding one’s 
way on the earth’s highways, waterways, 
and oceans. 

There are various complicating factors 
in space. For one thing, speeds are so great 
that control or even intervention by hu- 
mans is seldom practical. Precision ac- 
quires tremendous importance. An error of 
one-tenth of a degree in direction or a few 
kilometers per hour in speed can spell fail- 
ure for a space mission. Even short detours 
must be avoided, for the precious supply of 
fuel seldom exceeds the minimum quantity 
required to complete a mission. Obviously, 
if adequate control is to be provided, it is 
necessary to determine position and speed 
in space with utmost accuracy. This is ex- 
tremely difficult. Since there is no air in 
Space, altitude cannot be measured by air 
pressure and speed cannot be determined 
by air flow. More complicated procedures, 
seldom used in conventional means of trav- 
el, must be employed. 


SPACE-FLIGHT OBJECTIVES 


Flights in space have various objec- 
tives. They may be summed up as follows: 
(1) Missile flights to definite target points 
on the earth (Figure 1, A). (2) Satellites set 
in orbit around the earth or the sun (Figure 
1, B). (3) Space missions to the moon or 
planets (Figure 1, C). (4) Missiles em- 
ployed to intercept other missiles (Figure 1, 
D). (5) Space vehicles rendezvousing with 
objects already in orbit (Figure 1, E). This 
may be for inspection purposes or for the 
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Intelsat IV, a communications satellite, is launched 
aboard an Atlas Centaur rocket 


assembly of space stations or of particu- 
larly large vehicles capable of missions that 
could not be accomplished by craft 
launched directly from the earth. 


TRAJECTORIES AND ORBITS 


Paths flown in space are usually called 
trajectories if they lead directly from one 
point to another. The path of a ballistic mis- 


sile from launcher to target is a trajectory. 
So is the path of a space vehicle traveling 
from the earth to the moon. Flight paths 
which form closed circuits around the earth. 
or around any other body in space are 
called orbits. 

An object coasting in space is said to 
be in free flight. This means that neither 
propulsive force, nor friction, nor pressure 
is acting upon it. Under these circum- 
stances, the flight path of the vehicle is de- 
termined by gravitational forces of the 
earth, moon, sun, or planets acting upon it, 
and by its own inertia. Inertia is the proper- 
ty which causes a body at rest to remain at 
rest and one in motion to remain in motion 
in a straight line at a constant velocity. This 
tendency toward motion in a straight line, 
when modified by gravitational forces, re- 
sults in motion in a closed orbit, forming 
what is called an ellipse. (Figure 2). 

It is quite easy to draw an ellipse. Set 
two tacks in position about four centime- 
ters ap^** on a board, and slip a loop made 
from about 12 centimeters of string over 
the tacks. Draw the loop taut with the point 
of a pencil. By moving the pencil clockwise 
while keeping the string taut, you can draw 
an ellipse, as shown in Figure 3. Each point 
where a tack has been placed is called a 
focus of the ellipse. The major axis is a 
straight line from one side of the ellipse to 
the other, going through each focus. The 
line perpendicular to the major axis and 
midway between the foci (plural of focus) 
is called the minor axis. A circle is simply 
an ellipse in which the two foci fall on the 
same point and in which the major and 
minor axes are equal in length. The ec- 
centricity of an ellipse—the measure of 
how much it departs from the circular 
form —is related to the difference in le 
between the major and minor axes. The 
greater this difference, the greater the 
eccentricity. In the case of a circle, of 
course, the eccentricity is zero. . 

One focus of the orbital ellipse is al- 
ways located at the effective center of grav- 
itational force. For orbits within a few thou- 
sand kilometers from the earth, this may be 
considered as the center of the 
(Figure 4). The location of the other focus 


2. How a Si 
its launch path, the satellite is acted on by gravity 


and enters an elliptical orbit. 


1. Objectives of space flight: A. Missile flights to 
definite target points on earth. B. Satellites set in 
orbit around earth. C. Space missions to the moon 
or other celestial body. D. Missiles to intercept 
other missiles. E. Space vehicles rendezvousing 
with man-made space objects. 
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atellite falls into orbit. As it proceeds in 


3. How to draw an ellipse, as explained in text. 


GUIDANCE IN SPACE 255 


is determined by the position and motion of 
the vehicle at the instant when all propul- 
sive thrust comes to an end. 


DESCRIBING AN ORBIT 


Various other terms are applied to or- 
bits. The perigee is the point of nearest 
approach to the earth. The apogee is the 
point farthest from the earth. The orbit pe- 
riod is the time required for a single com- 
plete revolution. (See Figure 4). The period 
is related to the size of the orbit; the larger 
the orbit, the longer the period. Here are 
some average altitudes and corresponding 
periods of earth orbits that are very nearly 
circular: 160 kilometers — 90 minutes; 1,600 
kilometers—2 hours; 9,600 kilometers — 5 
hours; 36,800  kilometers—24 hours; 
384,000 kilometers — 28 days. The last pair 
of numbers relates to the orbit of the moon. 

An orbit girdling the earth in a plane 
parallel to that of the equator is called an 
equatorial orbit. The so-called polar orbit is 


SATELLITE 


ELIPTICAL ORBIT 


4. The elliptical orbit of a Satellite around the earth, 
with apogee and perigee points indicated. 
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missions are d in space 
from complex rol centers 
such as this o the Mission 
Control Cente Houston, 
Texas, which d d the Apol- 
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NASA 
at right angles to it, passing d tly above 
the North and South poles. orbits at 
intermediate angles are te: inclined 
orbits. (See Figure 5.) 

Since orbits are fixed in e, rather 
than in relation to the earth, t! otation of 
the earth causes satellites in polar and in- 
clined orbits to pass over different portions 
of the earth on successive or! Figure 6). 
Since the motion of the earth is precisely 
known and since that of satellites may be 
precisely measured after a few orbits, it is 
possible to predict the paths of orbits over 


our planet. 

Most orbits more than 160 kilometers 
above the earth are exceedingly stable. 
However, there are exceptions. For exam- 
ple, satellites with unusually large size-to- 
weight ratios, such as the Echo / 30-meter 
ballon, are significantly affected by the 
pressure of the sun’s radiation and by colli- 
sion with the few molecules of air present 
even at altitudes of 1,600 kilometers. In the 
course of six months, the apogee of the 
Echo I ballon satellite changed from 1,690 
kilometers to 2,170 kilometers, while its 
perigee changed from 1,530 kilometers to 
970 kilometers. Satellites at altitudes of 160 
kilometers or less encounter so much of the 
earth's atmosphere that the orbit altitude 
decreases rapidly until the satellite either 
returns to the earth or burns up from air 
friction in the lower layers of the atmo- 
Sphere, just as many meteorites do when 
they pass through the atmosphere. 

For many satellite missions, such aS 
for communications and weather, a con- 
Stant altitude above the earth is desired. In 
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5. Types of earth orbits: equatorial, polar, and in- 


clined. 


these cases, a near-circular orbit is sought. 
However, even a perfectly circular orbit 
would not achieve uniform altitude above 
the earth since the earth is not a perfect 
sphere. Not only is it somewhat flattened at 
the poles: it is also slightly pear-shaped. 


GUIDANCE SYSTEMS 


Thus far, we have been concerned 
mainly with what is called celestial mechan- 
ics—the physical laws that govern the be- 
havior of any body in space. These laws of 


celestia! mechanics represent both tools 
and limitations for the designer of guidance 
systems for space vehicles. 


The three basic elements common to 
most guidance systems are (1) sensors; (2) 
computers; (3) flight controls. Sensors are 
measuring instruments which determine the 
actual paths of space vehicles. Electronic 
computers compare these paths with prede- 
termined paths stored in their electronic 
memories, and they compute appropriate 
corrective orders for steering and control- 


6. Successive passes of a satellite in 
an inclined orbit around the earth. The 
satellite was launched from a point in 
Florida. It went into orbit at the injec- 
tion point indicated. Number 1 repre- 
sents the first pass; 2, the second; 3, 
the third; and 4, the fourth. 


ling the thrust of engines. Flight controls 
accept these orders and put them into ef- 
fect. 

Guidance systems for missiles and 
space vehicles may be divided into two 
general categories: radio and inertial. We 
shall discuss some details of each of these 
systems in the pages that follow. 


RADIO-COMMAND SYSTEMS 


In a radio-command guidance system 
(Figure 7), the sensor is an amazingly pre- 
cise radar located on the ground. It meas- 
ures the position of the space vehicle in 
terms of angles of elevation and azimuth 
and also in terms of range. The angular 
measurements are precise to a hundredth of 
a degree, while range is measured to within 
a fraction of a meter, even at hundreds of 
kilometers. 

These precise measurements of posi- 
tion are passed by the radar to a digital 
computer, also on the ground. This com- 
puter derives flight-path data which are 
compared with programmed data previous- 
ly stored in its memory. Based on almost 
instantaneous comparison, corrective or- 
ders are generated by the computer and 
transmitted over the radar beam to the mis- 
sile. 

In the missile, a simple radar receiver 
receives these control orders, which are in 
the form of a code. It also triggers a radar 
transmitter, or beacon, which returns a 
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strong signal to the ground to facilitate ac- 
curate tracking. A decoder connected to 
the receiver decodes the control orders and 
transmits steering and engine commands to 
the flight controls. 

One of the principal advantages of the 
radio-command guidance system is the light 
weight of the guidance equipment that is 
carried aboard the missile. Remarkable 
reduction in weight is achieved through the 
use of transistors. We pointed out that the 
decoder sends steering and engine com- 
mands to the flight controls. The steering 
function of the flight controls is accom- 
plished by a device called an autopilot 
(Figure 8). This contains three spinning 


7. Asimplified diagram of a radio command guidance 
System. Sensors and computers are located on the 


ground. 
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gyroscopes, or gyros. A gyro, like a child’s 
spinning top, will maintain a fixed position 
in space even though its support is moved 


through space. The three gyros of the auto- 
pilot provide stable frames of reference for 
the three possible kinds of motion of the 
vehicle: (1) yaw, or right-and-left motion; 
(2) pitch, or up-and-down motion; (3) roll, 
or rotation about the long axis of the vehi- 
cle. All possible maneuvers of ihe latter are 
simply combinations of the three motions, 
In the absence of corrective orders, the 
autopilot aligns the flight path o! the vehicle 
with the axes of the three gyros. Corrective 
control orders steer the missile by movingit 
with respect to the gyros in autopilot. 


DECODER 


RECEIVER 


| 


i 
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Steering is usually accomplished either by 
swiveling the main engine or the smaller 
auxiliary engines or else by controlling jets 
of hot or cold gases, aimed in appropriate 
directions 


The velocity or speed of a vehicle is 
controlled by shutting off the engines to 
terminate the thrust at the precise moment 
when the desired velocity is attained. It is 
extremely important to determine precise 
velocity for both ballistic missiles and 
space vehicles. Intercontinental ballistic 
missiles must achieve a speed of about 
6,100 meters per second, or 21,700 kilome- 
ters an hour, to reach a target 8,000 kilome- 
ters away. A satellite must reach a speed of 
about 7,600 meters per second in order to 
orbit the earth. To travel beyond the grip of 
the earth’s gravity, so-called “escape veloc- 
ity” of greater than 11,000 meters per sec- 
ond must be attained. 


INERTIAL-GUIDANCE SYSTEMS 


. lnertial-guidance systems employ iner- 
tial devices as sensors. In such systems, the 
sensors, together with the computers and 
flight controls, are carried aboard the space 
Vehicle. 

Gyros are employed as directional ref- 
erences in inertial systems in much the 
Same way as they are in autopilots, as de- 
scribed above. To determine the path of a 
Vehicle in space, velocities must be mea- 
sured accurately along the directions deter- 
mined by the gyros. 

The inertial devices employed for 


8. The autopilot, with its three gyroscopes, or gyros. The gyros provide 
frames of reference for the three possible motions of a vehicle—yaw 
(right and left), pitch (up and down), and roll (rotary motion) about 
the axis, The vehicle is steered with respect to the gyros in the autopilot 


measuring velocities are called accelerome- 
ters. These actually measure acceleration, 
or change of velocity, which can be con- 
verted into velocity. To understand the 
principle of operation of an accelerometer, 
let us consider the behavior of a weight 
suspended by a string from the ceiling of an 
airliner (Figure 9). While the airliner is at 
rest, the weight will hang straight down. 
When the airliner accelerates on taking off, 
the weight will swing to the rear. When it 
decelerates on landing, the weight will 
swing forward. The distance which it 
swings is a measure of the acceleration or 
deceleration, as the case may be. If the 
length of the string and the distance of the 
swing of the weight are known, it is possible 
to calculate the acceleration of the airliner 
in terms of meters per second per second. 
If the duration in seconds of a given ac- 
celeration is known, the speed in meters 
per second may be computed. Further- 
more, the distance traveled may be cal- 
culated quite simply if the duration of a 
certain velocity is known. 

The airborne computer of an inertial 
system has at its disposal all needed infor- 
mation on the direction and velocity of a 
vehicle’s flight path. It can compute correc- 
tive control orders which it passes directly 


to the flight controls. 
HYBRID GUIDANCE SYSTEMS 


In addition to pure radio and pure iner- 
tial systems, there are hybrid systems 
which employ some of the techniques of 
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both. Various types of sensors are some- 
times used to supplement radar and inertial 
devices. Among these are “horizon sen- 
sors,” which provide a reference with re- 
spect to the earth's horizon; “sun seekers," 
which align themselves with the intense 
radiation from the sun; and “star trackers," 
which can recognize and aim at star pat- 


terns. 


Velocities are sometimes measured 
precisely by Doppler radar techniques. 
These depend upon the same phenomenon 
which, applied to sound waves, causes the 
whistle of an approaching locomotive to 
increase in pitch, or frequency. Radio 
waves behave similarly. The change in fre- 
quency is an exact measure of the relative 
velocity between the radio transmitter and 
the radio receiver. The transmitter is in the 
space vehicle, the receiver on the ground; 


or vice versa. 


GUIDANCE IN POWERED PHASES OF 
FLIGHT 


' Most space vehicles are powered only 
during a portion of their flight. The rest of 
the time, they are in free flight, or coasting. 
While a vehicle may be tracked during any 
part of its flight, it is obvious that active 
guidance can be applied only as long as 
power is available to modify the course. 


9. The principle of the accelerometer in the iner- 


tial guidance system. 


VEHICLE MOVING IN THIS DIRECTION 


E 


amo ) J THIRD STAGE 


^3 3 
/ N 
VEHICLE’ / / j I \\\ 
rey) VV VMAS vence 
SPEEDING UP aD i SLOWING DOWN 
AT REST OR 


AT CONSTANT SPEED 


260 GUIDANCE IN SPACE 


Guidance systems are very versatile, 


For example, in order to place the 30-meter 
Echo I balloon satellite in a nearly circular 
orbit about 1,600 kilome above the 


earth, it was necessary to resort to what is 
known as the coasting orbit technique 
(Figure 10). The third-stage rocket and the 


balloon were placed in an elliptical orbit 
with an apogee of about 1,600 kilometers, 
As apogee was reached, the third stage was 
fired, and the balloon satellite was placed in 
the desired orbit. Space missions now often 
use different types of guidance for the as- 
cent, mid-course, and termina! parts of the 
flight. 

Command guidance systems have al- 
ready achieved many striking successes. 
They have been responsi for the suc- 


cessful operation of the many weather, 
communications, earth observation, and 
other research satellites launched each 
year, and for manned and 
ploration of space. Perhaps ) 
standing example of the ;»endability, 
flexibility, and sophistication of guidance 
Systems was the linkup in space of the U.S. 
Apollo and the Russian Soyuz spacecraft 
in July 1975. 


10. The Echo I satellite was put into a nearly circu- 
lar orbit around the earth. The three-stage rocket 
with payload achieved an elliptical orbit with apo- 
gee at 1,600 kilometers. When the third stage was 
fired, the payload entered the desired circular orbit. 
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ger spacecraft flew by Jupiter and Saturn, and then one—Voyager 2—sailed on toward 


PAYLOADS IN SPACE 


The object that is carried aloft by a 
rocket is called the payload. The payload 


The two 
Uranus ı rendezvous with that planet scheduled for 1986. 
SPACE SATELLITES 
AND PROBES 

"The Space Age Is Here," proclaimed 
the London Daily Express. Similar banner 
headlines appeared on newspapers around 
the world. Scientists and ham radio opera- 


tors tried to pick up radio signals. Thou- 
sands of people scanned the sky with 
binoculars, looking for a metal ball 58 cen- 
timeters in diameter. 

The metal ball was named Sputnik 1. 
On October 4, 1957, the Soviet Union 
astounded the world when it launched the 
84-kilogram object into an orbit around the 
earth. Moving at a speed of 28,800 kilome- 
ters per hour, Sputnik 1 circled the earth in 
| hour 36.2 minutes. Its two radio transmit- 
ters sent continuous signals that were 
strong enough to be picked up by amateur 
radio operators. 

Sputnik 1 was the first of a great num- 
ber of unmanned vehicles that have been 
launched into space. More than 1,000 such 
craft have been sent aloft since that historic 
autumn day in 1957. These vehicles have 
carried out a wide variety of exciting mis- 
sions and have sent back to earth a great 
deal of information about our solar system. 


may be an unmanned device, bristling with 
scientific apparatus, or it may be a capsule 
with one or more astronauts aboard. It is 
not a rocket, though manned capsules and 
many unmanned craft are provided with 
small rocket engines for maneuvering pur- 
poses. Whatever the nature of the payload, 
it is commonly referred to as a spacecraft 
or a space vehicle. If it goes into orbit 
around the earth, it becomes an artificial 
satellite, whether it is manned or un- 
manned. If the spacecraft is directed far out 
into space in order to seek information, 
possibly about a celestial body such as the 
moon or Venus or Mars, it is called a space 
probe. 
The course that the payload is to fol- 
low must be carefully mapped out in ad- 
vance of the launch. This is as true of space 
vehicles that are to go into orbit around the 
earth as it is of those that are to be sent far 
out into space as space probes. 
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Mapping the course of a satellite. The 
orbit of any satellite revolving around a 
heavenly body is normally an ellipse, with 
the center of that body at one focus of the 
ellipse. This is true of the earth’s orbit 
around the sun, as well as the moon’s orbit 
around the earth. The orbits of artificial 
satellites are also generally elliptical, though 
roughly circular orbits have been achieved 
in a few cases. 

Every orbit has its apogee, or point 
farthest from the earth, and its perigee, or 
point nearest to the earth. These vary 
widely with different satellites. Sputnik 1 
had an apogee of 940 kilometers and a peri- 
gee of 234 kilometers. The apogee of the 
U.S. communications satellite known as 
Early Bird is 36,373 kilometers, and its per- 
igee is 34,797 kilometers. Sometimes the 
apogee may be far out in space while the 
perigee may be comparatively close to the 
earth. For example, the U.S. craft Explorer 
14 had an apogee of 97,904 kilometers and 
a perigee of 278 kilometers. 

Scientists must decide in advance of a 
flight what sort of orbit is to be achieved 
and how high it is to be above the earth. 
The plane of an artificial satellite’s orbit 
must always include the center of the earth, 
but it may be directed in various ways. The 
actual orbit, worked out in advance, will 
depend upon the intended mission of the 
satellite. The plane of the orbit may take in 
both poles as well as the center of the earth, 
in which case the orbit is said to be polar. If 
the plane of the orbit lies along the equator, 
the orbit is said to be equatorial. Intelsat 3- 
A, à communication satellite, has an equa- 
torial orbit. The orbit may also be inclined 
by any number of degrees to the plane of 
the equator. For example, the inclination of 
Explorer 1 was 33.6*. 

Mapping the course to a planet. Several 
unmanned space probes have passed by or 
landed on Mercury, Venus, Mars, and 
Jupiter. In planning the course of such a 
Space probe, it must be kept in mind that 
the probe must move faster than the earth 
in its orbit if it is to go away from the sun 
and must move more slowly than the earth 
if it is to approach the sun. While the orbit 
of a neighboring planet could be reached at 
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any time, it requires careful timing of the 
shot if the space probe is to reach the other 
planet’s orbit when the planet is also at that 
point. 

It would not do to aim the spacecraft at 
the particular spot in the heavens—call it 


point A—where the planet happens to be at 
the time of the launch. We must remember 
that it would take a space vehicle months 
before it would reach any part of the plan- 
et’s orbit. By the time the craft would have 
reached point A, the targe inet would 
have reached point B in its o: millions of 
kilometers from point A. 

Hence it is necessary to calculate the 
spacecraft's path so that at a period of some 


months from the time of launch, the space 
vehicle and the planet will reach the same 
point in the heavens. For example, it took 
the Soviet spacecraft Venera 5 and Venera 
6 approximately 130 days to reach the orbit 
of Venus. Hence their launchings occurred 
about 130 days before Venus reached the 
spot where the spacecraft crossed the plan- 
et’s orbit. 

The period during which such a shot 
can be attempted is called a launch window. 
The launch window for a Venus shot lasts 


Mars shot, 


about two weeks; that for : 
about one month. 

Guidance in space. There are many 
chances for things to go wrong on a space 
flight. The smallest inaccuracy in calcula- 
tion or the slightest malfunction of a rocket 
may cause the space vehicle to veer far off 
target. This is why each is provided with 
a guidance system to keep it on course. 
There are various kinds of systems. In the 
radio-command guidance system, changes 
in velocity and direction are broadcast by 
the spacecraft to a station on the ground. 
The data are fed into computers which 
make the calculations required to keep the 
craft on course. The necessary adjustments 
are then broadcast to the craft, and contro 
motors on the craft carry out the inst 
tions. The procedure may be directed, @ 
least in part, by ground personnel, or it may 
be automatic. Some craft are provided wit 
a self-contained inertial-guidance system. 
This may be actuated by radar beams Te 
flected from the target, such as the moon of 


and one-half years 
A Surveyor 3 landed 
on the moon, an Apollo 
tronaut visited the 
probe and removed por- 
tions of it for study. 


a plane ight from nearby stars may be 
converted into electrical impulses by means 
of photoelectric cells and may turn on the 
system. 


The end of the flight. The flight of an 


orbiting artificial satellite of the earth must 
come to an end eventually, unless its peri- 
gee is e the most tenuous part of the 


atmosph Though the atmosphere is 
rarefied two hundred kilometers from the 
earth, say, it is not an absolute vacuum. 
Molecules and other particles exist there. 
When such particles strike an orbiting 
spacecraft, the individual collisions will be 
insignificant, but there will be a cumulative 
effect. In time the craft will begin to lose 
velocity. It will not go so high up at apogee, 
and at its next perigee it will be closer to 
the earth. The spacecraft will eventually 
not be able to balance the pull of gravity. It 
will then penetrate the denser part of the 
atmosphere. 

, Unless special protective measures OF 
devices, or both, are provided, as in the 
case of all manned spacecraft and some 
unmanned craft, a spacecraft reentering the 
atmosphere is doomed. The same thing will 
happen to it that happens to meteorites 
when they penetrate the denser part of the 
atmosphere. It will be subjected to intense 


heat as it collides with the increasingly 
numerous molecules and ions of the atmo- 
sphere, and it will burst into flame. The 
chances are that it will be utterly con- 
sumed. Some fragments, however, may 
make their way to earth. 

A number of capsules, ejected from 
orbiting unmanned spacecraft, have been 
parachuted earthward. Some have been 
recovered by planes in midair. Others have 
landed on the ocean or on land. 

The end of an orbiting space flight may 
occur in a matter of hours if the perigee is 
too close to the denser part of the atmo- 
sphere. If the perigee is far removed from 
the earth, the flight may go on for a very 
long time. It is estimated, for example, that 
the U.S. satellite Vanguard 1, with an apo- 


gee of 4,000 kilometers and a perigee of 


640 kilometers, will remain in orbit for a 
number of centuries. In practically all 
manned-craft flights, the craft has been de- 
liberately brought out of orbit and returned 
to earth. 

Unmanned craft that escape from the 
earth’s gravitational field may find their end 
by way of collision. For example, they 
might crash on the moon. But if they fail to 
collide with the target planet, they will go 
into orbit around the sun because every- 
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thing in the solar system is in the sun's 
gravitational field. Once they orbit the sun, 
they will stay in such orbits indefinitely. 


VARIETY OF UNMANNED VEHICLES 


As we mentioned earlier, more than 
1,000 unmanned space vehicles have been 
launched in the years since Sputnik 1. Each 
of these craft has had a mission or series of 
missions, In general, one may say that an 
unmanned spacecraft is a research device 
designed to add to man's knowledge of the 
atmosphere and of outer space or else to 
solve various practical problems. It may 
analyze cosmic radiation or cosmic dust, It 
may count the collisions with meteorites in 
space, It may be designed to scan earth's 
cloud formations, so as to map weather 


earth by means of a telemetering system. In 
by the scientific 


source is a battery of solar cells—waferlike 
silicon cells that convert Sunlight into elec- 
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The second in a series of Synchronous 
Meteorological Satellites being pre 
pared for launch. SMS-2 was put into 
orbit in 1975 to keep a weather watch 


on the western half of the United 
States. 
tric current. Usually the instruments in a 


satellite powered by solar cells draw their 
current from a nickel-cadmium battery, and 
this battery is recharged by the solar cells. 
The cells must be exposed to the sun in 
order to work. Generally, large areas of the 
satellite are covered with them 

Other power sources, ir endent of 
the sun, have been used. For craft designed 
to remain in orbit for a comparatively short 
time, ordinary electric batteries may suf- 
fice. The SNAP generator, a device that 
produces electricity directly from atomic 
energy, has been used with considerable 
success in the Transit satellites of the U.S. 
Navy. The device known as the fuel cell 
has also been used, and is considered most 
promising. You may have seen the familiar 
classroom experiment in which water is 
decomposed into oxygen and hydrogen by 
an electric current. A fuel cell works in rë- 
verse. Liquid hydrogen and liquid oxygen 
are taken along in separate tanks. They are 
then recombined chemically, yielding water 
and producing an electric current. 


ADDING TO OUR KNOWLEDGE 


Unmanned satellites have vastly in 
creased our knowledge about space and 
the bodies in it. Let us briefly consider 
some of these contributions: ) A 

Information about space conditions. a 
number of satellites have been launched ie 
study conditions in space—radiation, Mae 
netism, dust, meteorites, and so on. 
U.S. Pegasus series, designed to rei 


Helios A, a U.S/German solar probe. 
It passed within 45 million kilometers 
of the sun—the closest approach by 


any such object-and gathered much 
valuable information. 
punctures by meteorites, has helped engi- 


neers design the walls of spacecraft. The 
Explorer series, the largest group of satel- 
lites in the U.S. space program, has pro- 
vided much data on radiation, magnetic 
fields, and radio waves in space. 

On January 25, 1983, an Infra-Red 
Astronomy Satellite (IRAS) went into 
earth orbit. Built around a 57-centimeter 
telescope and sensors able to detect heat 
radiation, the U.S.-British-Dutch-operated 
satellite began an 1H«month scan of the en- 
lire sky, recording the faint heat of new- 
born stars, interstellar dust, distant 
galaxies, and quasars. On April 25 it dis- 
covered a comet (IRAS-Araki-Alcock) that 
approached to within 4.7 million kilometers 
9f earth. An optical space telescope with à 
240-centimeter mirror is scheduled for 
launch early in 1986, It is expected to see 
Objects 50 times as dim and seven times as 
* out into space as earthbound telescopes 

i 

Observations of the earth. Variations in 
the orbits of the Vanguard | and 2 satellites 
(1958-59) showed that the earth is 
slightly pear-shaped from pole to pole and 
elliptical around the equator. Since its in- 
Seption in 1964, the OGO (Orbiting Geo- 
Physical Observatory) series has provided 
information on the sun's influence on the 
earth and space. 

One of the most exciting discoveries 
made possible by unmanned satellites was 
the discovery of a vast zone of radiation 
encircling the earth above the equatorial 


p 


regions. Within the zone, charged particles 
derived mostly from the sun are trapped by 
the magnetic field of the carth. Satellites |, 
2, and 12 of the Explorer series provided 
the data that led to the discovery and anal- 
ysis of the earth's radiation belt 

The natural resources of the earth are 
being surveyed by ERTS—the Earth 
Resources Technology Satellite. It takes 
pictures of earth and sea in near-infrared 
radiation and in the red and green light 
bands of the spectrum 

Another important development in 
earth observation occurred on July 23, 
1972, when the first Landsat satellite was 
launched, By 1983, three additional Land- 
sats had been placed into orbit. Landsats 
make complete earth orbits every 103 min 
utes, recording images — electronically 
These electronic signals are returned to 
earth, where they are converted by com 
puter into visual images. Landsat is used to 
map the earth's surface features, assist in 
locating mineral resources, including oil re 
serves; and chart geological faults in the 
hope of developing an carly-warming carth 
quake system 

In 1979 a magnetic field satellite, Mag- 
sat, was launched to survey the earth's 
magnetic field. The satellite plunged into 
the atmosphere in June 1980 after complet 
ing its mission 

Observations of the sun. Intensive ob 
servations of the sun have been carried out 
with the aid of the Orbiting Solar Observa 
tory (OSO), satellites of the Explorer and 
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Pioneer series, and other spacecraft, in- 
cluding two West German solar probes, 
Helios 1 and 2, launched in 1974 and 1976. 
Studies have been made of the solar par- 
ticles, solar flares, ultraviolet rays, the 
corona, and the solar wind. 

Later studies included the launching in 
1980 of Solar Max (Solar Maximum Mis- 
sion), a 575-kilometer-high earth-orbit ob- 
servatory of the sun. Solar Max is designed 
to study the physics of solar flares and their 
effects on earth. In 1981 a Mesosphere Ex- 
plorer satellite was launched to study the 
sun's effect on the formation and destruc- 
tion of ozone in earth's upper atmosphere. 

Weather satellites. These devices offer 
the advantage of showing cloud formations 
over large areas of the earth's surface by 
means of pictures taken with television 
cameras and relayed by telemetering to the 
earth. The United States has launched 
more than 20 weather satellites since the 
first, Tiros 1, was sent aloft on April 1, 
1960. Ten Tiros satellites were launched, 
and their cameras provided the first large- 
scale weather photographs of earth. 

An improved type of weather satellite, 
Nimbus 1, was launched on August 28, 
1964. The Nimbus craft have tested a wide 
variety of experimental weather-monitoring 
devices. Nimbus 6, which was launched 
June 12, 1975, measures radiation in the 
earth’s atmosphere, data important to de- 
termining climate changes. Meanwhile, the 
U.S. National Oceanic and Atmospheric 
Administration has launched Synchronous 
Meterorological Satellites and GOES-1 as 
part of its weather-observing system. The 
U.S.S.R. also has launched a series of 
weather satellites. 

,. Communications satellites. Earth satel- 
lites now provide radio and television ser- 
vice to much of the world. The passive 
satellites simply bounce signals from one 
earth station to another without amplifica- 
tion, as the Echo balloons have done. Ac- 
tive satellites amplify the relayed signals. 
These include the United States’ Relay 
Telstar, Syncom, and Early Bird; the inter. 
national Intelsat craft; Canada's Anik 
series; and the U.S.S.R.’s Molniya satel- 
lites. Communications satellites have also 


SPACE SATELLITES AND PROBES 


been used to relay educations! and health 


information to isolated villaves. In 1976 
the joint Canadian-U.S. Comunications 
Technology Satellite, the t powerful 
communications satellite eve:y built, was 
launched; and a Marisat satelite providing 
ship-to-shore telecommunica‘ions for the 
international shipping indust:^ and the U.S. 
Navy began operation. 

Navigation satellites. T! ansit satel- 
lites, orbited by the U.S vy, are in- 
tended to serve as useful aids to navigation 
when a surface vessel finds itself in an area 
of bad weather or bad visibility. The fog- 
bound navigator contacts an orbiting Tran- 
sit satellite by radio. The satellite then 
responds, also by radio, with « statement of 
its position in its orbit. Onc e navigator 
has this information, all he needs, in order 
to determine his own position. in addition 
to the customary tools of his : «de, is a list 
of the satellite's orbits. 

Biological satellites. Late :n the year 
1966, the United States began launching a 
series of Biosatellites. This pogram is de- 


signed to test the reactions of various or- 


ganisms to space travel. The influence of 
weightlessness, radiation, and removal from 
a day-night cycle are being studied. The 
organisms on'these missions have included 


a wide variety of plants and animals, rang- 
ing from bacteria and frog eggs to wheat 
seedlings and a 6.4-kilogram monkey. 

Military satellites. A certain number. of 
unmanned artificial satellites now orbiting 
the earth are conveying information of mili- 
tary importance to the two nations that up 
to now have almost monopolized space €x- 
ploration: the United States and the Soviet 
Union. Thus, the Midas satellites of the 
United States can spot the launching of 
missiles through the use of infrared sensors. 
The U.S. Samos have taken highly de 
tailed views of Soviet installations. Simi- 
larly, the U.S.S.R., with vehicles such a$ 
the Cosmos series, photographs U.S. alf- 
fields, munitions factories, missile-launchr 
ing sites, and so on. In 1968 the Unité 
States launched a series of highly sopis 
cated IS (integrated systems) satellites tha 
carry instruments capable of detecting II" 
frared radiation. 


Marisat is being used by the international 
shipping industry and the U.S. Navy as a 
telecommunications satellite, providing 
an instant link from shore stations to 
ships at sea. 


Hughes Aircraft Compony 


, The so-called "spy-in-the-sky" sat- 
ellites received unexpected attention in 


September 1983, following the aerial 
destruction of Korean Air Line’s flight 007 
off the Sea of Japan by Soviet jet intercep- 


tors. Detailed knowledge of Soviet activi- 
ties as well as an accurate recording of 
Soviet voice transmissions led many ob- 
servers io believe that U.S. spy satellites 
had achieved a high level of sophistication. 


TO THE MOON 


Among the most exciting features of 
the space programs have been the space 
probes, which have provided close-ups of 
celestial bodies. 

The Luna program, begun by the 
U.S.S.R. in 1959, has included a variety of 
moon probes. Some craft crashed into the 
lunar surface. Others flew past the moon or 
Went into lunar orbit. For example, Luna 3, 
launched in October 1959, was the first 
craft to go completely around the moon. It 
photographed the side not visible from the 
earth and transmitted the first photos of this 
area, Beginning with Luna 9, which was 
launched in January 1966, several Luna 
Probes have soft-landed on the moon. 
These have transmitted pictures, den- 
sity data, and other information. In 1970 
and 1972, respectively, Lunas 16 and 20 
scooped up moon rock and dust samples. 
to send them to earth by rocket. In 1970 
and 1973, Lunas 17 and 21 landed Lunok- 
hods 1 and 2—unmanned wheeled vehicles 


that were driven by remote control from 
earth. The Soviet Zond program has also 
included lunar missions. 

The United States has also sent a 
variety of probes to the moon. Rangers 7, 8, 
and 9 (1964-65) took more than 17,000 
pictures of the moon’s surface before they 
crashed upon it. Unmanned satellites, 
known as Lunar Orbiters, orbited the moon, 
photographing its surface, and a series of 
Surveyors soft-landed on the moon, testing 
its surface. Among other U.S. lunar probes 
is an Explorer 49 radio-astronomy satellite 
launched in 1973 to circle the moon. The 
most exciting program involving the moon 
has, however, been the U.S. Apollo project, 
which landed men on the moon. To learn 
more about this project, see the articles 
“Manned Space Flight" and “Exploration 
of the Moon” in The New Book of Popular 
Science. 

TO THE PLANETS 


The nearest planets, Venus and Mars, 
are millions of kilometers away, the outer 
planets hundreds and thousands of millions 
of kilometers from earth. Probes have, 
however, reached some of the planets and 
are approaching others. 

The United States Mariner program 
has studied three planets: Mercury, 
Venus, and Mars. Mariner 2, launched in 
August 1962, passed within 35,200 kilo- 
meters of Venus and transmitted important 
information about the planet to the earth. 
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As Pioneer 10 flew past Jupiter, it sent back pictures 
that gave us our first close-up of the planet. The 
probe is now leaving the solar system. 


Among other things, it reported that the 
surface temperature of Venus is close to 
430° Celsius, and that the planet almost 
lacks a magnetic field. Mariner 5 passed 
within 4,000 kilometers of Venus in Octo- 
ber 1967 and sent to earth information 
about that planet. 

The Soviet Union launched a series of 
probes—the Veneras—to land capsules on 
the surface of Venus. Veneras 4 to 8 suc- 
ceeded in doing so, from 1967 through 
1972. All except Venera 4 transmitted data 
to earth, revealing that the planet’s surface 
is very hot and has an atmospheric pressure 
100 times that of the earth’s surface. 

Mariner 10, launched in 1973, provid- 
ed new data on Venus and Mercury. After 
taking the first clear pictures of the swirling 
atmosphere of Venus, it passed Mercury 
three times—in March and September 1974 
and again on March 16, 1975, when it came 
within about 320 kilometers of the surface 
of the planet. The thousands of photographs 
taken and other data collected provided 
man’s first detailed look at Mercury. 

A Pioneer-Venus mission in late 1978 
probed the dense atmosphere, high tem- 
peratures, and sulfuric mists of earth’s 
"sister" planet. Mariner 4, launched in No- 
vember 1964, passed within 10,000 kilome- 
ters of Mars. It revealed an ionosphere, 
measured radiation, and transmitted pic- 
tures of the Martian surface. 
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Voyager 2, launched i 
several major U.S. spac 
planet Jupiter. Voyager 
pass close enough to the 
nus in January 1986 and t tune in Au- 
gust 1989 to record and mit to earth 
extremely valuable scienti ta. 

At the same time, the 5 t Union was 
having only partial succe h probes to 
Mars. Several of its prob: ved unsuc- 
cessful, but Mars 5 took n ictures and 
Mars 6 sent back data unt nded. 

Early in 1969 Marine and 7 were 
launched toward Mars and ned photos 
of its surface. Late in Mariner 9 
reached the vicinity of Mar e that plan- 
et was being swept by a lust storm. 
After the dust settled, th iner trans- 
mitted many pictures of ^ revealing a 
world with many complex í es. , 

Two Viking probes la on Mars in 
the summer of 1976. The « transmitted 
many photos of the planet face as well 
as much important data arding the 


179. is one of 
obes to the 
expected to 
planet Ura- 


chemical composition of irface. Th 
probes also scooped up s imples an 
analyzed them for any indi s of life. 


inets began 
ited States 
rd Jupiter. 
»rtant infor- 
olar wind, 


Exploration of the out 
in 1972 and 1973, when the 
sent Pioneers 10 and |! 
The probes also supplied i 
mation about asteroids, thc 
cosmic rays, and other radiation they met 
along the way. Pioneer 10 passed near Jupi- 
ter late in 1973 and took excellent pictures. 
The probe revealed that the giant planet has 
strong radiation belts and a large magnetic 
field, consists mostly of liquid hydrogen, 
and is hot inside. ul 

On June 13, 1983, Pioneer 10 crosset 
the orbit of Neptune and became the fin 
probe to leave the solar system. During ! : 
travels to deep space, it made the first ac 
curate measurements of Jupiter's moons, 
and recorded the first close-up pictures 9 
its Great Red Spot. 3 

While Pioneer 10 flees the solar p 
tem, more than 50 other space probes e 
trapped within the solar system. These vi 
clude a variety of spacecraft launched iet 
both the United States and the Sov! 
Union. 


COMMUNICATIONS 
SATELLITES 


by J. Kelly Beatty 


Im: that you have just picked up 
the telep : to call a friend who lives in 
England ter dialing the number, you 
wait a fc conds and perhaps hear a dis- 
tant cli two before the phone starts 
ringing \, after talking for a few min- 
utes, yot hange good-byes and hang up. 


If y ver do make such a call, your 


conversa will probably be sent across 
the oce: y way of a spacecraft circling 
high ab : earth. Such spacecraft are 
called nunications satellites, or sat- 
coms. T ire being used increasingly to 
handle long-distance telephone, television, 
and oth nsmissions around the world. 
For exa they are used for about two- 
thirds of ransatlantic telephone calls. Of 
the payl placed in orbit by the U.S. 


National Aeronautics and Space Adminis- 


tration (NASA) in 1982-83, more than half 
of them—2! in all—were communications 
satellites 

This trend is still growing rapidly, and 
with good reason. Communications satel- 
lites can be used when other forms of com- 
munication are either too expensive or 


impossible. For example, in 1983 seven un- 
dersea cables linked North America and 
Europe. The last one cost more than $175 
million and accommodates 4,200 telephone 
Circuits. In comparison, a modern commu- 
nications satellite costs roughly $80 million 
(including the payment for launching it into 
orbit), and it can often handle more than 
three times as many calls. These orbiting 
switchboards have helped to reduce the 
Cost of long-distance telephone calls dra- 
matically since the 1960's. 


EARLY PASSIVE SATCOMS 


The first true communications satellite, 
Echo 1, was launched August 12, 1960, 
less than three years after the very first sat- 
ellite, Sputnik 1, was put into orbit. The 
Echo satellite was actually a plastic balloon 
30 meters in diameter, covered with a thin 


coating of aluminum to reflect radio trans- 
missions. A second, larger Echo was orbit- 
ed in 1964. Communications satellites such 
as Echo are called passive. They do not 
amplify radio signals but merely reflect 
them. They are not really practical, because 
of their large size and the powerful equip- 
ment required to send and receive the mes- 
sages. 

However, the development of passive 
reflectors did not end with Echo. In one 
program, called Project West Ford, a thin 
ring of fine wire needles was spread around 


Composite photo shows placement of NASA's 
Tracking and Data Relay Satellite in the payload 
bay of the Challenger space shuttle launched in 
April 1983. 
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Hughes Aircraft [en ny, photo by NASA 
Anik is the name of Canada's domestic communi- 
cations satellite system. Here an Anik craft is being 


readied for launch at NASA's Kennedy Space Cen- 
ter in Florida. 


the earth in 1963. The wires were *'tuned" 
to reflect signals at a certain frequency. 
However, the program was abandoned be- 
cause the ring of wires threatened to dis- 
turb astronomical Observations. 

Another novel idea was tried in 1966. 
An Echo-type balloon was covered with a 
precisely spaced wire mesh. The balloon 
decomposed after a few hours in orbit, leav- 
ing a hollow metallic sphere that was five 
times more reflective than Echo, at radio 
frequencies. It was also much less affected 
by the sun's radiation and was slowed down 
less by the atmosphere. 


ACTIVE SATCOMS 


The commercial value of satcoms was 
tested in 1962, when Telstar 1 was placed 
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in orbit for Bell Telephone ‘Istar was an 


active satellite, amplifying retransmit- 
ting as many as 60 two-w ephone con- 
versations at one time ind stations 
were established in the | | States, En- 
gland, and France. A fe onths later, 
Relay | was launched for RCA Corpo- 
ration of America, adding and Brazil 
to the growing list of count hat are now 


receiving broadcasts from tes in outer 
space. 

Syncom 2, launched 
the first communications sa 
a synchronous orbit. In : 


same time, orbit a satellit 


/53, became 
e to achieve 
ironous, or 
npletes one 


circle of the earth in the time as the 
earth completes one rota on its axis. 
An altitude of 35,680 kil rs provides 
a synchronous orbit. If acecraft is 
traveling in the plane of th iator, it re- 
mains over the same positi the earth 8 
surface at all times and is i nstant view 
of almost half the planet rn commu- 
nications satellites are pl in orbits of 
this type. E 
Proce time to time, NA ias partici- 
pated in programs to test ex rental com- 
munications systems. The of NA 
Applications Technology S tes, ATS- i 
was launched in 1967 to 1 variety ol 
instruments, including a  600-channeled 
repeater that could relay tele 
programming, as well as radio transmission 
between aircraft and ground stations. 


Many countries have dc veloped i4 
purchased their own communications € 
ellites, with numerous others planning t 
do likewise in the near future. The Son 
Union began building its orbiting system n 
1965 and now has three series of comm 
nications satellites (called Molniya, e 
sionar, and Gorizont) circling the e 
These bring telephone and television s 
vice to remote areas of the country, as ra 
as to parts of Eastern Europe. The E 
dians and Japanese have also estab e 
sophisticated satellite systems for dome 
transmissions. A 

Dozens of other special-purpose satel 
lites have been launched. Today it is a 
unusual for a country like India or MS 
to purchase a complete system for or 


ns, which includes the satel- 


communic 
lite itself use of a launch vehicle like 
the space itle, and equipment on the 
ground (s as receiving antennas) to op- 
erate the llite. More and more, large 
companie: th extensive telephone and 
computer needs are turning to communica- 
tions sat s as a practical and economi- 
cal altern to conventional transmission 
methods nateur radio operators, or 
“hams, e built several Orbital Satel- 
lites Car Amateur Radios (OSCARs) 
that take vantage of leftover payload 
space on r missions to get a free ride 
into orbit her communications satellites 
listen for 'ss signals from ships and air- 
craft, the lay the victims' location to 
rescue t« 
INTELSA 

By f the most extensive satellite 
system is t of the International Telecom- 
munications Satellite Consortium, or Intel- 
sat. Intel ; made up of 109 nations and 
operates «ome 500 ground stations world- 
wide. Bc ing in 1965 with the Early Bird 
satellite has steadily expanded its capa- 
bility and now controls 16 satellites—with 
more planned in the years ahead. The latest 
in its spacecraft series, called Intelsat V, 
can handle 12,000 telephone circuits and 


two color television transmissions simulta- 
neously. Even more powerful satellites, the 
Intelsat VI series, will be able to relay more 
than 30,000 calls when introduced in 1986. 

The American member of Intelsat, the 
Communications Satellite ^ Corporation 
(Comsat), was established by the U.S. 
Congress in 1962. Comsat and its subsidi- 
aries provide a wide variety of public and 
private communications services through- 
out the United States. 


SATCOM OPERATION 


. A "typical" communications satellite 
is usually launched by NASA, though the 
Europeans, Japanese, and other countries 
can now provide their own rockets. Once 
in its prescribed position in synchronous 
orbit over the earth, the spacecraft is ready 
to go to work. Ground stations may belong 
to a country's government, a consortium 


like Intelsat, or even private individuals. 
Messages are usually beamed up to the sat- 
ellite at one frequency and received at an- 
other by using an amplifying device called 
a transponder. This allows a single ground 
station to send and receive signals at the 
same time. 

Depending on the satellite, its capabil- 
ity can be used for telephone service, en- 
coded data, or television transmissions. 
The various channels are usually leased to 
users in the form of half-circuits—two-way 
connections between the satellite and a 
ground station. Thus, a pair of half-circuits 
are required to complete an overseas call. 
These connections are normally operated 
full time. Other channels are used for oc- 
casional television transmissions such as 
news stories and sports events. Although 
not in service full time, many TV programs 
schedule satellite time on a regular basis. A 
number of countries also rent the use of a 
transponder for domestic communications 
or other purposes. Finally, a portion of the 
circuits are held in reserve for emergen- 
cies, increased demand within the system, 
and other special needs. 


An artist's conception of Satcom | in orbit around 
the earth. This satellite is equipped with transpon- 
ders, or frequency changers. 
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WHERE DO WE GO FROM HERE? 


As the need for global communications 
increases, new communications satellites 
will be developed to handle the load. High- 


nsmitters will 
ss than one 
possible for 
1° the satellite 


operation. Their powerful : 
beam signals to antennas: 
meter in diameter, makin 

individual families to *'diai 
channel of their choice. 


speed computers, for instance, can quickly Before 1956, ships and airplanes were 
relay vast amounts of data via orbiting the only dependable means «f transoceanic 
spacecraft. Cable-television networks use communication. The development of com- 
satellites to bring a wide variety of pro- munications satellites has »ged all that. 
gramming to their subscribers. Soon a re- Today they make calling riend in En- 
markable new breed of satellites will begin gland just as easy as calling one next door. 
COMMUNICATIONS SATELLITES * 
Name of 
satellite Num- Mission 
or series Operator ber Firstlaunch description 
Score NASA 1 12/18/58 Broadcast prerecorded voice m-ssages 
Echo NASA 8/12/60 Passive reflector 
Oscar Amateurs 7 12/12/61 Used to relay signals from wi: separated ama- 
teur radio stations 
Telstar AT&T 2 7/10/62 Experimental commercial sat ; 60 voice cir- 
cuits, or 1 TV channel 
Relay RCA 2 12/13/62 Ground stations in U.S., Eng France, Italy, 
and Brazil; 2 transponders 
Syncom NASA 3 2/14/63 Proved usefulness of synchro: orbits for com- 
munications purposes 
Intelsat | Intelsat 1 4/6/65 Service between North Americe «nd Europe; 240 
voice circuits, or 1 TV 
Intelsat II Intelsat 4 10/26/66 Introduced multipoint connections within area of 
coverage 
Intelsat III Intelsat 8 9/18/68 Simultaneous telephone and TV service; 1,500 
voice circuits or 4 TV channels 
Intelsat IV Intelsat 8 3/26/71 About 3,500 voice circuits and ? TV channels; 12 
transponders 
Westar Western Union 2 4/13/74 Domestic service; 12 transponders 
ATS-6 NASA — 5/30/74 Experimental satellite for medical and educa- 
tional tests in U.S. and India 3 
RCA Satcom RCA 2 12/12/75 Three-axis stabilized, using sun and star sensors; 
Statsi 24 transponders . : 
slonar USSR 20? 12/22/75 Three-axis stabilized; advanced domestic service 
GS through 1980's : 
Canada-NASA 1 1/17/76 Cooperative experimental satellite; high-power 
Intelsat IVA i transmitter for broadcast to portable antennas [ 
ntelsat 6 2/1/76 Brut 6,300 voice and 2 TV channels; band sep@ 
, rator for frequency reuse a 
a D e d i Maritime satellite for ship-to-shore communica: 
ions 
eometal gonea 3 5/13/76 Leased full time to AT&T for domestic service; 24 
IntelsatV — Intelsat pa Ponders els; 
9 12/6/80 About 12,000 voice circuits and two TV channee 
Por antennas allow reuse of frequencies UP 
3 our times 
SBS-3 SBS 3 11/11/82 One of two satcoms launched during first E 
mercial space shuttle mission (STS-5). Third ! ri- 
series owned by Satellite Business Systems, P 
BS-2a vate consortium 


Telesat-Japan 2 2/84 


“Military satellites not included 
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n ite to 
First operational direct-broadcast satel ving 
beam TV programs to Japanese homes 
one-meter-diameter antennas 


MANNED SPACE FLIGHTS 


by Willy Ley 


“Tra lity Base here. The Eagle has 
landed.” 

And on July 20, 1969, at 4:17:40 
P.M. Ea daylight time, two men land- 
ed on tl oon. As Neil A. Armstrong, 
comman: f the mission, relayed the anx- 
iously a d news across 385,000 kilo- 
meters « ace, mankind realized an an- 
cient dre a dream of flying into space 
and visi another celestial body. But 
though t ream was an ancient one, the 
scientific rts to achieve the dream be- 
gan just years before the flight of 
Apollo 11 
A COMPARATIVELY LATE DEVELOPMENT 


At ! ime that Robert H. Goddard 


began the riod of serious research in 
Space fli; vith his Method of Reaching 
Extreme tudes (1919), radio transmit- 
ters and ivers were large and bulky. 
Telemete was in the experimental 
Stage; so television. Since it would then 
have been impossible to transmit scientific 
data and pictures from an unmanned space- 
craft to the earth, it was assumed that all 


flights into space would be manned flights. 
Actually, however, manned flights 
came rather late in the day. It was not until 
April 21, 1961, that the first manned flight 
into space took place, with the Soviet space 
vehicle Vostok 1 completing one orbit 
around the earth. By that time, a good many 
unmanned craft had already been launched. 
There were several reasons for this 
State of affairs. Spectacular advances had 
been made in radio, telemetering, and tele- 
vision. They had made it possible to guide 
unmanned spacecraft in ways that had not 
been dreamed of earlier and also to trans- 
mit all kinds of scientific data and even pic- 
tures to ground stations. Manned flight, 
however, could not be achieved until cer- 


Apollo 11 astronaut Edwin Aldrin, Jr., steps off the 
ladder of the lunar module onto the surface of the 
Moon. He and Neil Armstrong were the first men to 
walk on the moon. 


tain vital problems had been solved, at least 
in part. Among these problems were exces- 
sive acceleration, weightlessness, radiation 
in space, the dangers of collisions with me- 
teorites, and reentry into the earth’s atmo- 
sphere. 

Excessive acceleration and weightless- 
ness. Gravity constantly pulls us toward 
the earth’s center with a force equivalent 
to an acceleration of 9.8 meters per second 
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per second. This rate is called 1 g ("g" 
standing for "gravity"). Here on the earth, 
we are no more aware of gravity than we are 
of the fact that the atmosphere weighs 
down upon us with a pressure of about 1 
kilogram per square centimeter. But if we 
are subjected to an acceleration of 2 g's, 
we have a very curious sensation —as if we 
had suddenly become twice as heavy. This 
effect is heightened as the acceleration 
continues. ; 

It was calculated that anyone venturing 
aloft in a spaceship that was to go into orbit 
would be subjected to as much as 7 or 8 g's. 
Experience in flying seemed to indicate that 
the top limit that a pilot could stand without 
"blacking out" (becoming unconscious) 
was 4 g's. How then could future astro- 
nauts withstand even greater acceleration — 
as much as 7 or 8 g's? 

To test the ability of humans to toler- 
ate a comparatively high rate of accelera- 
tion, centrifugal force was substituted for 
acceleration. A gondola was suspended 
from the end of a large arm, which in turn 
was attached to a rotary motor. A volunteer 
entered the gondola. As the motor was set 
going, the gondola sped round and round 
with increasing velocity. Volunteers who 
remained in a sitting position underwent 
alarming effects. The blood circulation 
slackened, and when it failed to reach cer- 
tain vital areas of the brain, the volunteer 
would black out. But if he lay on his back 
with his head slightly raised and the knees 
slightly bent, the physical effects of ac- 
celeration were not nearly so pronounced. 
It became evident that a more-or-less su- 
pine, or on-the-back, position would have 
to be adopted during moments of extreme 
acceleration. 

What of the effects of weightlessness on 
humans? By way of introduction, it should 
be pointed out that when we say that both 
objects and persons are weightless in space, 
we do not mean that the earth's gravity has 
no effect on them beyond the earth's atmo- 
sphere. As a matter of fact, at a height of 
even 320 kilometers or so, the force of 
gravity is about 90 per cent as Strong as at 
sea level. It becomes half as strong only 
when we have risen to a height of more than 
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2,600 kilometers above the ecarth's sur- 


face. Even far beyond that point, the force 
of gravity makes itself felt. ^fter all, the 
moon goes around the earth only becausea 
mutual gravitational attraction holds it at an 
average distance of about 355,000 kilome- 
ters. But there is a great difference between 
being under the gravitational! influence of a 
body and feeling weight. Weight is felt only 
if the pull is resisted. If a body follows the 
pull of gravity freely without :csisting it in 
any way, it is weightless. An artificial satel- 
lite that is in orbit around the carth does fol- 


low the gravitational pull. If ıt did not, it 


would go off into deep space along a 
straight line. At the same timc. it does not 
resist this pull, since its velocity in orbit 
counterbalances exactly the effect of the 
earth’s gravity. Therefore the satellite is 
weightless. 

Early investigators caused a state of 
weightlessness to be produced by means of 
an airplane maneuver. The pilot first made 
a shallow power dive, then pointed the nose 
of the plane upward while throttling back 


his engine. The plane went through a curve, 
moving upward at first, then leveling out, 
and finally pointing downward. Since the 
shape of the curve was quite similar to that 
of a parabola, the flight was called parabol- 
ic. From the instant of engine-power reduc- 
tion until full engine power was restored, 
the plane and everything it contained were 
weightless. The periods of weightlessness 
ranged from 25 seconds to about a minute. 

During this period, human "guinea 
pigs" in an experimental chamber in the 
plane floated around aimlessly. So did all 
loose objects. Weightlessness also pro- 
duced physiological symptoms in men. It 
brought about a sense of disorientation 
(losing one's bearings), dizziness, and errat- 
ic control of one's movements. These et 
fects varied widely in different individuals. 
They seemed to be slight in some, over- 
powering in others. 

Clearly a period of training would be 
required to condition future astronauts t0 
endure extreme acceleration and weight 
lessness. Animals were put through such à 
Program of training, and then were Sen 
aloft in capsules that went into orbit. TheY 


returned ly to earth, generally appar- 
ently n e worse for their experience. 
It was uded that well-trained astro- 
nauts sł ilso be able to withstand in- 
creased eration and weightlessness. 


The ts of radiation. It was well 


known estigators that spacecraft in 
outer sj ould be subjected to various 
kinds o ition. Ultraviolet rays from 
the sun | strike the craft with undimin- 
ished fi since they would not have 
been al | by the earth’s atmosphere. 
Solar associated with sunspots, 
would s ut X rays and electrons into 
space would be produced as elec- 
trons p in space struck the metal of 
the spa s walls. (This is known as im- 
pact ra It would correspond to the 
impact « trons striking the “target” in 
an X- e. Cosmic rays would also 
be enc d in space. The discovery of 
the eart :diation belt in 1958 laid bare 
another e of potential danger. 


It \ und, however, partly through 


investi carried out with unmanned 
satellite radiation did not offer an in- 
Superat stacle to space flight. Ultravio- 
let rays | be stopped by even very thin 
Sheets « etal. So could X rays coming 
from tł in, since they were not very 
powerful. Under normal conditions, the 
walls of the spacecraft would be thick 
An artis \ception of a crucial part of the Apol- 


lo-Soyuz on. The U.S. Apollo craft has already 
linked with the docking module, and is approaching 
the U.S.S.R's Soyuz craft for a docking manuever. 


enough to shield its occupants against im- 
pact radiation. It would not be practicable 
to provide shielding against cosmic rays; 
but normally there would not be enough of 
this type of radiation to constitute a hazard. 
The earth's radiation belt could be avoided 
with proper planning. 

Collisions with meteorites. The mete- 
orites seen in museums, ranging in size 
from fair-sized rocks to large boulders, rep- 
resent exceptionally rare specimens. Sci- 
entists have known for many years that the 
great majority of the meteorites that strike 
our atmosphere are exceedingly small. 
Tests carried out with unmanned satellites 
showed that the danger of damaging colli- 
sions with meteorites was slight. The ordi- 
nary meteorites encountered by craft in 
space would be so tiny that they could not 
possibly damage the walls of the craft. It 
was calculated that a spacecraft might re- 
main in space for years without encoun- 
tering a meteorite larger than a few centi- 
meters in diameter. 

Reentry into the earth's atmosphere. 
It was necessary to protect manned space- 
craft from the tremendous heat that would 
be produced as the craft would plunge 
through the atmosphere on its return from 
outer space. The technique finally devised 
consisted of slowing down the craft by 
braking rockets, called retro-rockets, and 
by providing the craft with a shield to ab- 
sorb the heat produced during the period 
of reentry. 

Other problems of manned space flight. 


Investigators realized that it would be 
NASA 


276 


necessary to provide adequate amounts of 
oxygen for breathing purposes and to dis- 
pose of the carbon dioxide and water vapor 
produced in exhalation. Effective methods 
of taking food and drink would have to be 
developed, since in a state of weightless- 
ness, ordinary techniques could not be 
employed. It would also be necessary to 
maintain an endurable temperature within 
the spacecraft. 


MANNED CAPSULE IN FLIGHT 


All spacecraft, manned or unmanned, 
must be launched into space by multistage 
rockets. A single-stage rocket cannot 
achieve the necessary velocity. As a pre- 
cautionary measure, each manned capsule 
has, attached to its nose, an escape tower 
provided with its own rocket engines. If 
there appears to be danger of fire or explo- 
sion at the end of a launch, the rocket en- 
gines of the tower can be actuated, either 
by the range safety officer or by an astro- 
naut in the capsule. This causes the capsule 
to pull away from the booster rockets. Af- 
ter it reaches the proper distance from the 
landing site, a parachute landing can be 
made. If the launching goes well, the tower 
is later discarded. 

The capsule is in the shape of a cone 
with an apex lopped off. In U.S. craft, the 
atmosphere within the capsule is made up 
of oxygen, pumped from tanks. For extend- 
ed flights, a two-gas system—oxygen plus 
nitrogen or helium—is used. Such a system 
has been used by the Soviet Union in their 
Soyuz spacecraft. 

. The capsule has an effective ventila- 
tion System. Air is continuously drawn 
from the interior by a fan. It passes through 
a filter, which removes the carbon dioxide 
exhaled by the astronuats; through an evap- 
orator, which absorbs the water vapor re- 
sulting from exhalation; and through a heat 
exchanger, where it is water-cooled. The 
purified and cooled air is then directed back 
to the interior of the capsule. 

Each astronaut is provided with a con- 
tour couch, specially constructed according 
to his measurements. Since the nose of the 
capsule points straight upward at the mo- 
ment of launch, the astronaut is in the su- 
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pine position. His space suit is connected 
by means of piping to a different system of 
tanks and pumps from that servicing the 
capsule. Once in orbit, thc astronaut can 


remove his helmet and breathe the oxygen 
in the capsule. If anything were to go wrong 
with the capsule's ventilating and filtering 
system, the astronaut would replace his 
helmet, and the space-suit system would 
take over. 

Each capsule has an elaborate control 
system, based on small rocket engines set 
around the craft. Controls sre automatic 
during the launch. Once in orbit, the pilot 
takes over, though the controls can be set at 
automatic if so desired. Obviously the pilot 
takes over the controls in crucial maneu- 
vers such as rendezvous in space, space 
docking, and taking the craft out of orbit. 

None of the maneuvers are more vital 
than those required to bring about safe 
reentry through the atmosphere. When the 


time for reentry is at hand. the command 
pilot turns his craft around so that it is mov- 
ing with the blunt end—the base of the 
cone—foremost. Retro-rockets mounted in 
this blunt end are then fired, dec reasing the 
speed of the craft. At the same time, à 
shield in the craft's blunt end absorbs much 
of the heat of friction as it collides with 
more and more atmospheric particles. 

All U.S. space-flight landings, with the 
exception of those of the space shuttle, 
have taken place at sea. For water land- 
ings, the capsule’s speed is reduced to a 
few hundred kilometers per hour, and when 
the craft is reasonably near the target area, 
small parachutes, called drogues, Open 
stabilizing the craft and further decreasing 
its speed. Finally, when the capsule 1$ 
about 3,000 meters above the target area, 
the large main parachutes open. The veloc- 
ity is reduced to about 35 kilometers per 
hour, and the craft makes a gentle landing 
upon the sea. 


THE MOON-EXPLORATION PROGRAM 


Since 1961, numerous manned space 
craft have been launched by the Unite 
States and the U.S.S.R. Until Skylab l 
U.S. flights were all part of a program t0 
reach the moon. The decision to make the 


EE 
Date of iame of 
flight acecraft 
e MP 
Apr. 12, Vostok 1 
1961 (U. S.S. R.) 
May 5, Freedom 7 
1961 (U.S.) 
July 21, Liberty Bell 7 
1961 (US 
Aug. 6-7, V jk 2 
1961 ( S.R.) 
Feb. 20, idship 7 
1962 ) 
May 24, ra 7 
1962 ) 
Aug. 11-15, k3 
1962 
Aug. 12-15, k 
1962 (U.S.S.R. 
Oct, 3, ^ 
1962 ( a 
May 15-16, Faith 7 
1963 (i ) 
June 14-19, /ostok 
1963 ( S8 &) 
June 16-19, Vostok 
1963 (l S A) 
Oct. 12-13, Voskhod 1 
1964 (U.S.S.R.) 
Mar. 18-19, — Voskhod 2 
1965 (U.S.S.R.) 
Mar. 23, Gemini 
1965 (US) " 
June 3-7, c i 
1965 M 4 
Aug. 21-29, ini 
1965 : US ) E 
Dec. 4-18 ini 
1965 mi i j 
Dec. 15-16, Gemini 6 
1965 (U.S.) 
Mar, 16 ini 
1966 S wea 8 
June 3- ini 
1966 6, um 9 
ay 18-21, Gemini 10 
U.S.) 
Sel 
1 12-15, du 11 


MANNED SPACE FLIGHTS 


Name(s) of astronaut(s) 


or cosmonaut(s) 
Yuri A. Gagarin 
Alan B. Shepard, Jr. 
Virgil |. Grissom 
Gherman S. Titov 
John H. Glenn, Jr. 
M. Scott Carpenter 
Andrian G. Nikolayev 
Pavel R. Popovich 
Walter M. Schirra, Jr. 
L. Gordon Cooper, Jr. 
Valery F. Bykovsky 
Valentina Tereshkova 


Viadimir M. Komarov 
Konstantin P. Feoktistov 
Boris B. Yegorov 


Pavel |. Belyayev 
Aleksei A. Leonov 
Virgil |. Grissom 
John W. Young 


James A. McDivitt 
Edward H. White 


L. Gordon Cooper, Jr. 
Charles Conrad, Jr. 


Frank Borman 
James A. Lovell 


Walter M. Schirra, Jr. 
Thomas P. Stafford 


David R. Scott 
Neil A. Armstrong 


Thomas P. Stafford 
Eugene A. Cernan 


Michael Collins 
John W. Young 


Charles Conrad, Jr. 
Richard F. Gordon, Jr. 


No. of 
orbits 


SS UL eee Eee 


1 


206 


44 


Duration 


of flight 


1.8 hrs. 


15 min. 


16 min. 


25.3 hrs. 
4.9 hrs. 
4.9 hrs. 

94.3 hrs. 

71.0 hrs. 
9.2 hrs. 

34.3 hrs. 

119.1 hrs. 

70.8 hrs. 


24.3 hrs. 


26.0 hrs. 
4.9 hrs. 
97.9 hrs. 
190.9 hrs. 
330.6 hrs. 
25.9 hrs. 


10.7 hrs. 


72.3 hrs. 


70.8 hrs. 


71.3 hrs. 


Remarks 
First manned space flight 


First American in space 


First U.S. manned orbital mis- 
sion 


Part of first Soviet 


flight" 


Came within 4.9 kilometers of 
Vostok 3 on first orbit 


"group 


Last flight of Mercury program 


Part of second Soviet "group 
flight" 

Came within 4.8 kilometers of 
Vostok 5. First woman in space 


First 3-man crew in space 


Leonov spent 10 min. outside 
spacecraft; first “walk in space" 


First U.S. 2-man crew in space 


White spent 21 min. outside 
spacecraft 

First extended U.S. manned 
flight 

Served as rendezvous target for 
Gemini 6 

Rendezvoused within 0.3 meters 
of Gemini 7 

First "docking" in space. Docked 
with unmanned Agena target 
vehicle. Gemini 8 was forced 
down because of failure of 
maneuvering rocket 

Made triple rendezvous with 
orbiting target vehicle; Cernan 
spent 2 hrs. 5 min. outside 
spacecraft 

Linked in space with orbiting 
Agena target; when latter's rock- 
ets fired, both vehicles reached 
record height of 764 kilometers. 
Gemini also rendezvoused with 
other Agena craft 

Docked with Agena target; 
reached record height of 1,370 
kilometers; Gordon made brief 
space walk 
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Date of Name of Name(s) of astronaut(s) No. of Duration 
flight spacecraft or cosmonaut(s)* orbits of flight Remarks 
a 
Nov. 11-15, Gemini 12 James A. Lovell, Jr. 59 94.6 hrs. Docked with Agena target vehi- 
1966 (U.S.) Edwin E. Aldrin, Jr. cle; Aldrin engaged in extra- 
Eel activity for more than 
/2 hours 
Apr. 23-24, Soyuz 1 Vladimir M. Komarov 17 26.7 hrs. Komarov killed when vehicle 
1967 (U.S.S.R.) C sed first actual space fa- 
ality 
Oct. 11-22, Apollo 7 Walter M. Schirra, Jr. 163 260.1 hrs. Successful! flight test of three- 
1968 (U.S.) Bonn F pisi A man Apollo command module 
. Walter Cunningham 
Oct. 26-30, Soyuz 3 Georgi T. Beragovoi 60 94.8 hrs. Rendezvou with unmanned 
1968 (U.S.S.R.) Soyuz 2 
Dec. 21-27, Apollo 8 Frank Borman 10 147 hrs First manned flight around the 
1968 (U.S.) aes un Eel Jr. (around moon 
illiam A. Anders moon) 
Jan. 14-17, | Soyuz 4 Vladimir A. Shatalov 45 71.2 hrs. Rendezvous with Soyuz 5 
1969 (U.S.S.R.) 
Jan. 15-18, | Soyuz 5 Boris V. Volynov 46 72.7 hrs. Two men transterred to Soyuz4 
1969 (U.S.S.R.) Meus S. Yeliseyev and landed with it 
'evgeni V. Khrunov 
Mar. 3-13, Apollo 9 James A. McDivitt 151 241 hrs. First docking with lunar module 
1969 (U.S.) pave R. Scott 
ussell L. Schweikart 
May 18-26, Apollo 10 Thomas P. Stafford 31 192 hrs. Descent in lunar module to with- 
1969 (U.S.) mae A Cernan (around in 14.5 kilometers of moon 
ohn W. Young moon) 
July 16-24, Apollo 11 Neil A. Armstron 195 hrs. First manned landing on the 
1969 (U.S.) Fawn E Aarin, dr. moon; Mare T quiate un 
ichael Collins EVA time totalled 2 hrs. 13 min. 
Oct. 11-16, — Soyuz 6 Georgi S. Shonin 80 118.7 hrs. Together with Soyuz 7 and 
1969 (U.S.S.R.) Valery N. Kubasov ' — Soyuz 8, world's first tiple 
launch of manned vera 
first welding experiments 
space 
Oct. 12-17, Soyuz 7 Anatoly V. Filipchenko s ers with 
1969 (U.S.S.R.) Viktor V. Garba 80 118.7 hrs. oe : maneuvt 
adislay N. Volkov 
Oct. 13-18, — Soyuz 8 Vladimir A. Shatalov 80 
1969 (U.S.S.R.) Aleksei S. Yeliseyev MGE 
Nov. 14-24, Apollo 12 Charles Conrad, Jr ar landing: 
1969 (U.S.) Richard F. Gordon, Jr. owe Seona Colle diy two lunar 
Alan L. Bean EVA's totalling 7 hrs. 39 min. 
Apr. 11-17, Apollo 13 dames A Lovell, Jr. -=  M29hr. Planned lunar landing pen 
.S. i Hed f le 
John L. Swigert, Jr. S RDUM -— 
June 2-19, — Soyuz 9 Andrian G. Nik i 
? d - Nikolayev 287 ons to [ong 
1970 (U.S.S.R) Vitaly |. Sevastyanov cde MU inset 
Jan. 31- Apollo 14 "S 
Feb. 9, (US) Siu eee Jr. 216.7 hrs. Third manned lunar tanding; Far 
1971 Edgar D. Mitchell Kan ues ba. 49 min 
Apr. 23-25, Soyuz 10 Vladimi ital 
1971 (USSR) Nikolai N. Rukavishinikov SE 59.8 hrs. — Docking wit Salyut orb 
Aleksei S. Yeliseyev BDBOR/SIROR 
June 6-30, Soyuz 11 Georgi y z 
1971 (U.S.S.R.) ViadiSiav gree . 359 569.7 hrs. Longest stay in space: ect 
Vikt t (inclu- vous with Salyut space Si 
iktor I. Patsayev di - cupy: ê 
ing which cosmonauts OCOUP res. 
Salyut) three die of accidental Ce", 
surization as Soyuz retu 
rth 
July 26- Apollo 15 David R. Br ingi 
Aug. 7, (U.S.) James UO 295.2 hrs. Fourth manned lunar lane 
1971 Alfred A. Worden Hadley, Rill; three I of junar 
or rs. z 
hicle 
Apr. 16-27, Apollo 16 John W. Y. ee ing: 
1972 (U.S.) Charles M. Duke, Jr. 319.8 hrs. Fifth manned lunar anaal 


Thomas K. Mattingly 


Descartes crater; three eof 
EVA's for 20 hrs. 14 min. P 
LRV- lunar orbiter launc 
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Date of Name of Name(s) of astronaut(s) No. of Duration 
flight mpacectaty or cosmonaut(s)* orbits of flight Remarks 
-— Apol A 
m ne e» 17 Fugen Gorman 301.8 hrs. Sixth and last U.S. manned lunar 
3 Ronald E. Evans landing; Taurus-Littrow Valley. 
ER ^ gee I iie gonaa dr: 395 672.7 hrs. Manned san h-orbiting space sta- 
1 e 2n ion; test of human space endur- 
1973 Paul J. Weitz ance; studies of ues earth. 
Sit 26, (i J do » Aen E p 859 1,427.0 hrs. Mannee earth-orbiting space sta- 
i I Owen K. Garriott von oean anot humo space 
lov. 16, Skylab III Gerald P. Carr 84 da iti 
1 kyl r ys, Manned earth-orbiting space sta- 
Bs (U.S.) Eanes Gibson 1hr., tion; record test of homan space 
p N illiam R. Pogue 16 min. endurance; studies of sun, space, 
earth resources. 
Dec. 18- Soyuz 13 Pyotr Klimuk 9days  Testof f - 
26, 1973 (U.S.S.R.) Valentin Lebedev 2 Eon, i ag 
July 3- oyuz 14 Pavel Popovich 17days Docki ith Sal) 
19, 1974 (U.S.S.R.) Yuri Artyukhin y transtontolt SS om 
Jan, 11- Soyuz 17 Aleksei Gubarev 30days Docking wi 
ra T g with Salyut 4 space sta- 
RI (U.S.S.R.) Georgi Grechko tion; crew spends 28 dae in Sal- 
yut; studies of sun, stars. 
May 24- yuz 18 Pyotr Klimuk 63days Docks with Sal 
yi ) lyut 4 space sta- 
w 26, ( S.R.) Vitaly Sevastyanov tion; experiments involving sun, 
5 outer space. 
RN Apollo Thomas P. Stafford 136 9days  Apollo-Soyuz Test Project, the 
5 , 1975 (U.S.) Donald K. Slayton 6days first cooperative international 
uim yuz 19 Vance D. Brand space flight. Apollo successfully 
, 1975 U.S.S.R.) AIEKIN En docks with Soyuz. 
alery N. Kubasov 
Feb. 7-25, yuz 24 Viktor V. Gorbatko 18days Research on the effects of 
1977 (U.S.S.R) Yuri Glazkov weightlessness. 
April 9— Soyuz 35 Leonid Popov 185 days Docked with Salyut 6 for scien- 
Oct. 11, (U.S.S.R.) Valery Ryumin tific research and repairs to 
1980 space station. 
Mar. 13- Soyuz 38 Vladimir Kovalyonok 75days Docked with Salyut 6; made re- 
May 26, (U.S.S.R.) Viktor Savinykh pairs; had visitors via Soyuz 39 & 
1981 40 before returning to earth. Sal- 
yut station then left empty... 
April 12— Columbia 1 John W. Young 54.5 hrs. First flight of a reusable space ve- 
14, 1981 (U.S.) Robert J. Crippen hicle (the shuttle). 
Nov. 12— Columbia 2 H. Engle 54hrs. Tested robot arm; used special 
14, 1981 Us) i Wichard T Truly radar to study earth. 
Mar, 22- Columbia 3 Jack R. Lousma 8days Manipulated robot arm; research 
30, 1982 (U.S.) C. Gordon Fullerton in physics, biology. 
June 27— Columbia 4 ^ Thomas K. Mattingly, 2d 8days Final test of shuttle's operational 
July 4, (U.S.) Henry W. Hartsfield, Jr. readiness; first landing on a hard- 
1982 surfaced runway. 
Nov. 11- j 6days First operational shuttle mission; 
16, 1982 ose? Hee Ier launched two communications 
i William B. Lenoir satellites; planned EVA canceled 
Joseph P. Allen Because of space-suit malfunc- 
May 13- 211days First to dock with new Salyut 7 
Dec. 10, i wS A) Anaro y Pe nate : space station; visited by two 
1982 Dodo ^ space teams before return to 
earth. 
Apr, 4— i 5days Released tracking and data relay 
9,1983 (a anger Kari "Bobko satellite; practiced , two-man 
2 Story Musgrave EVA's for 3 hrs., 52 min.; tested 
Roald H. Peterson minimum landing distance. 
June 18— i 6days Released Canadian and Indone- 
, 1983 Ht ae 2 Rober n fauck d sian communications satellites; 
S) denn M. Fabian tested 50-ft mechanical arm; car- 
Sall K. Ride ried the first American woman 
N OPA E. Thagard mission specialist into space. 
Aug. 30- i 6days Released communications and 
TOS 5, its el Richard H idenstein weather satellite for India; per- 
1 S) Guion S. Bluford, Jr. formed first nighttime launch and 


Dale Gardner 
William E. Thornton 


nighttime landing; carried first 
U.S. black astronaut (Bluford). 


ee eee 


280 


moon the first objective was an obvious 
one, since it is only 385,000 kilometers dis- 
tant—much nearer to the earth than any 
other celestial body. 

The U.S. moon-exploration program 
was based on three successive stages: Pro- 
jects Mercury, Gemini, and Apollo. Project 
Mercury, which was completed in 1963, 
represented the preliminary phase. Space- 
craft with only one astronaut were sent 
aloft. The program was intended to test the 
reactions of the pilot and his ability to per- 
form various tasks while in a state of 
weightlessness. It was also designed to 
solve basic problems of space flight—in- 
cluding reentry into the earth’s atmosphere. 

Project Gemini was completed in late 
1966. Each spacecraft contained two as- 
tronauts who carried on various tasks con- 
nected with the project of landing a man on 
the moon. They also executed various vital 
maneuvers, including taking the craft off 
course. They practiced rendezvous in 
Space, with two capsules meeting at a desig- 
nated point in the heavens. Likewise they 
carried out space docking: connecting two 
craft in space. Among the most spectacular 
feats accomplished in the course of Project 
Gemini were the “space walks." In a space 
walk, one of the astronauts left the capsule 
and, tethered to it by a lifeline, “walked in 
space.” This was referred to as EVA, or 
extravehicular activity. The lifeline used by 
these astronauts was called an umbilical 
line. It contained piping for oxygen sup- 
plied by the capsule’s pumping system and 
electric wiring for communication between 
the “spacewalker” and the astronaut in the 
capsule. 

The aim of Project Apollo, the third 
Stage of the moon-exploration program, 
was to land men on the moon. Three series 
of unmanned probes were a preliminary 
part of the Apollo program: the Ranger, 
Lunar Orbiter, and Surveyor series. The 
Ranger Project telecast to earth thousands 
of closeups of the lunar surface. For the 
first time, features as small as 25 centime- 
ters across were visible to man. The Lunar 
Orbiter series involved five Orbiters, 
launched between August 1966 and August 
1967. These spacecraft orbited the moon. 
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They provided clear pictures of most of the 
lunar surface, including the side never seen 


from the earth. Shots of the earth as seen 
from the vicinity of the moon were also 
taken by Orbiter 5. Between June 1966 and 
January 1968, the Surveyor program suc- 
ceeded in soft-landing five craft on the 


moon. These probes took thousands of pic- 
tures of the lunar surface and sky, including 
an eclipse of the sun by the earth. Begin- 
ning with Surveyor 3, the crafts had me- 


chanically-operated shovels that scooped 
up and analyzed the lunar soil. Data provid- 
ed by the Orbiter and Surveyor series 
helped scientists select landing sites for 
Apollo missions. 

The early Apollo spacecraft were 
lanched by the Saturn IB, two-stage 
rocket with an initial thrust of 750,000 kilo- 


grams. Beginning with Apollo 8. the launch 
vehicle has been the Saturn V rocket. This 


powerful three-stage vehicle is 86 meters 
high and has a takeoff thrust of about 
3,500,000 kilograms. : 
The spacecraft consists of three basic 
parts: the command module (C M), the ser- 
vice module (SM), and the lunar module 
(LM). In addition, there is a launch escape 


system, which can thrust the command 
module containing the astronauts to safety 
in case of a malfunction during the initial 
launching stages. The Apollo is attached to 
the Saturn V by the spacecraft-lunar mod- 
ule adapter. 

The command module is the control 
center of the spacecraft. It is the working 
and living area for the three astronauts dur- 
ing the mission (except for the period when 
two of the men are in the lunar module and 
on the moon). The service module houses 
electrical and propulsion systems as well 
as most of the spacecraft's oxygen supply- 
The lunar module is employed for the ac- 
tual exploration of the moon's surface. It 
consists of two parts: the ascent stage and 
the descent stage. 

The initial manned flights of the Apollo 
Spacecraft were to occur in 1967. How- 
ever, in January 1967, while testing their 
Apollo vehicle at Cape Kennedy, three as- 
tronauts died. The capsule caught fire when 
uncovered wiring caused a spark in the 


Ground-based test crews conducting biomedical 
experiments in a Skylab mockup. Such tests pro- 
vide information on how man reacts to the con- 
ditions of space travel. 


pure-oxygen atmosphere. The ensuing in- 
vestigations and redesign of the vehicle 
delayed the program for more than a year. 


In early 1968 two unmanned Apollo flights 
were launched. Then in October 1968 
Apollo 7 orbited the earth. During the 11- 
day mission the astronauts flight-tested 
their vehicle, performed intricate rendez- 
vous maneuvers, and relayed live-televi- 
sion pictures "from the lovely Apollo room, 
high atop everything." 

Apollo 8 sent back even more exciting 
teleca Hundreds of millions of televi- 
sion viewers around the world saw pictures 
of lunar mountains and craters, the lunar 


terminator and “the good earth." This was 
man’s first trip to the vicinity of the moon. 
As the craft orbited the moon, the astro- 


nauts photographed and studied the lunar 

Astronaut Ronald E. Evans was the command module pilot on the flight of Apollo 
17. Dur he homeward journey, Evans took a space walk to recover some 
photographic equipment mounted on the craft's exterior. 
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Moments after a spacecraft 
splashes down, para-rescuemen 
jump into the ocean from a heli- 
copter hovering near the capsule. 
They carry a life raft that will be 
inflated alongside the capsule. 


surface, paying particular attention to areas 
considered for future landing sites. 

The lunar module received its first 
Space test during the earth-orbital flight of 
Apollo 9. For the first time, men orbited the 
earth in a spaceship incapable of reentering 
the earth’s atmosphere. Two of the astro- 
nauts put the LM through a series of impor- 
tant maneuvers simulating those that would 
be made in future lunar missions. 

Apollo 10 was the final dress rehearsal 
before landing men on the moon. As the 
command and service modules orbited the 
moon, the lunar module descended to with- 
in 15 kilometers of the lunar surface. The 
astronauts practiced a complex series of 
landing maneuvers, tested the LM’s landing 
radar, and photographed the landing site. 

The near-perfect success of these mis- 
sions made almost inevitable NASA’s deci- 
sion to proceed with the launching of Apol- 
lo 11 on July 16, 1969, 

The epic voyage of Apollo 11 landed 
Neil Armstrong and Edwin Aldrin on the 
surface of the moon. A third astronaut, 
Michael Collins, remained with the orbiting 
command ship during the lunar exploration, 
For more than two hours they walked on 
the lunar surface, collecting rocks, photo- 
graphing the area, and Setting up scientific 
experiments. The men moved easily in the 
low gravitational field, only slightly ham- 
pered by their bulky space suits. Their oxy- 
gen supplies, communications gear, and 
other equipment were contained in Porta- 


ble Life Support Systems (PLSS) strapped 
to their backs. 
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The astronauts placed several seismo- 
meters on the lunar surface. These have 
enabled scientists to monitor seismic 
events —either moonquakes or meteorite 
impacts. A laser reflector that the astro- 
nauts left on the moon enabled scientists to 
measure the distance between thi: earth and 


the moon to an accuracy of 15 cer timeters. 
It also provided information on the possible 
weakening of gravitational forces between 
the two bodies. 


The astronauts also gathered high- 
velocity particles blowing out from the sun. 
By exposing a sheet of aluminum foil, they 
collected a tiny amount of this solar wind. 


Of great interest to both scientists and 
laymen was the precious cargo of lunar 
rocks brought back by Apollo 11. This 
material weighed about 20 kilograms and 
included core samples as well as surface 
rocks and "soil." Some of the rocks were 
igneous, indicating the possibility of vol- 
canic activity on the moon. The lunar soil 
contained a high amount of solar-wind par- 
ticles. 

A second collection of lunar rocks and 
soil was gathered by Apollo 12 astronauts 
Charles Conrad, Jr. and Alan Bean. To- 
gether with Richard F. Gordon, Jr., these 
men had lifted off the launching pad at Cape 
Kennedy on November 14, 1969. This time 
the landing site was the Ocean of Storms, 
180 kilometers west of Apollo 11's Tran- 
quility Base, 1 

In addition to collecting geological 
samples, the men walked over to the Sur- 
Veyor 3 probe, which had landed in this 


[rm 


en placed around the module to stabilize it against 
dule will be examined and all data will be retrieved 
ht’s three astronauts sit in the life raft with one of the para 


rescuemen, The astronau! 


and prevent their being carried back to earth 


area in April 1967. The astronauts removed 
the probe's camera, scoop, and some of its 
tubing to take back to earth for study. 

. Conrad and Bean also deployed a se- 
ries of instruments on the moon. These in- 
cluded a seismometer, a magnetometer, à 
solar-wind spectrometer, and lunar iono- 
sphere and atmosphere detectors. The mis- 
sion returned to earth November 24. 

On April 11, 1970, Apollo 13 was 
launched moonward, with James A. Lovell, 
Jr., Fred W. Haise, Jr., and John L. Swigert, 
Jr., aboard. About 320,000 kilometers from 
earth, an oxygen-tank explosion forced the 
mission’s return home prematurely. 

The Apollo 14 mission lifted off on 
January 31, 1971, with Alan B. Shepard, 
Jr., Stuart A. Roosa, and Edgar D. Mitch- 
ell. It landed in the Fra Mauro highlands of 


the moon. Shepard and Mitchell explored 
the area, deploying experiments and gather- 
ing 44 kilograms of rock samples. The three 
astronauts returned to carth February 9 

Apollo 15 left carth with David R 
Scott, James B. Irwin, and Alfred M. Wor- 
den aboard, on July 26, 1971. It landed on 
the moon at the foot of the Apennine 
Mountains, near Hadley Rill, Scott and 
Irwin explored the area in a moon car, the 
LRV. They set up experiments and gath- 
ered over 77 kilograms of rock. The mis- 
sion splashed down on earth August 7 

On April 16, 1972, the Apollo 16 mis- 
sion was launched, with John W. Young, 
Charles M. Duke, Jr., and Thomas K. Mat- 
tingly. It put down on the moon near Des- 
cartes crater, in à highland region. Young 
and Duke made three excursions in an 
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LRV and collected 97 kilograms of rock. 
The mission returned to earth on April 27. 

On December 7, 1972, the Apollo 17 
mission blasted off for the moon, with Eu- 
gene Cernan, Harrison Schmitt, and Ronald 
E. Evans aboard. It landed in the Taurus- 
Littrow Valley. Cernan and Schmitt made 
three trips in an LRV and collected 113 
kilograms of moon rocks and soil. The mis- 
sion returned on December 19. 


STATIONS IN SPACE 


for studying space, the stars, the earth, and 
the biological effects of space on humans 
and other life. Three separate crews of as- 
tronauts occupied Skylab, the last in late 
1973 and early 1974. Intended to Stay in 
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The space shuttle Columbia, 
on its third ‘light, clears 
the Kennedy Space Center 
launch towe d heads for 


8 days in ea orbit. 


NASA 


INTERNATIONAL COOPERAT IN 
SPACE 
In 1972 the United States and the So- 
viet Union agreed to embark on plans for a 
joint space effort. After three years of meet- 
ings, plans, practice sessions, and equip- 


ment modifications, the first joint space 
effort was completed in July 1975. A U.S. 
Apollo spacecraft, launched from Cape 
Canaveral, Florida, docked with a Soviet 
Soyuz spacecraft launched from Kazakh- 
stan, U.S.S.R. The crafts remained linked 
fortwo days. The crews visited each other's 
crafts and cooperated in experiments. 


THE FUTURE IN SPACE 


With the successful flight of the United 
States space shuttle in April 1981, the U.S. 
Space program began a new era of space 
technology. Reusable spacecraft, such a$ 
the shuttle, will launch and service satel- 
lites, carry out research programs, an 
ferry personnel and materials to and from 
space stations in earth orbit for various pul 
poses. i 

The moon voyages, the space shuttle, 
and the orbiting space stations may only 
be the preliminaries to more extende 
manned exploration of space. 


ACE 
STATIONS 


by Wernher von Braun 
and Frederick |. Ordway 


Sr station—the words bring an 
image huge wheel-shaped structure like 
that o ound on the covers of science 
fictior wazines. Such a structure was 
stunni lepicted as “Space Station 5” in 
the filn 1: A Space Odyssey. 

B ice stations are not just in the 
imagir of science fiction writers. The 
succe the United States Skylab pro- 
gram ai xe Russian Salyut program were 
signifi steps toward the goal of space 
stations. The last crew to inhabit Skylab 
remained in orbit 84 days, setting a record 
for hi space endurance and proving 
that man can live and work in space for ex- 
tended periods of time. 

In July 1975 the successful completion 
of the ^pollo-Soyuz Test Project was an- 
other important step. This joint Russian- 


American project, the first cooperative in- 
ternational space effort, was the result of 
three years of planning, meetings, practice 
sessions, and equipment modifications. The 
preliminary work—and its fruitful out- 
come — opened channels of communication 
for space scientists and engineers and al- 
lowed them to become familiar with the 
equipment of another country. Such steps 
bring the development of a practical space 
station and the ability to maintain it a step 
closer to reality. 


WHAT IS A SPACE STATION? 


First and foremost, a space station is 
an orbital spacecraft. It must be placed in 
Orbit around the earth or some other body, 
such as the moon. This, of course, makes a 


"Space Station 5" from the film “2001: A Space 
Odyssey." The space stations of the future may well 
look like this. 

dyssey' 


From the MGM release, "2001: A Space O! . 
yer, Inc. 


© 1968, Metro-Goldwyn-Mo 
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space station a kind of artificial satellite. 

Second, a space station is designed, 
built and maintained to accommodate an 
astronaut crew as well as non-astronaut 
passengers —scientists, engineers, commu- 
nications specialists and others. This makes 
it a large manned artificial satellite. 

But a space station is still more. Space 
stations are larger than the manned artificial 
satellites we know today. They can remain 
in orbit for a longer time, they can carry 
more passengers and they are more com- 
plex. 

We normally think of a space station as 
capable of receiving at least five or ten per- 
sons and of supplying them with what they 
need in order to live and work for months at 
a time. Ferry flights from earth would re- 
supply the space station at intervals. These 
differences already indicate that a space 
Station is larger than the familiar Mercury, 
Gemini, and Apollo spacecraft that orbited 
the earth and also larger than the Skylab 
“laboratory in the sky.” Skylab was, inci- 
dentally, called an embryonic space station, 
which in many ways it was. 

In discussing semipermanent stations 
in space, the terms space laboratory, space 
platform, space base and space station are 
all used. Generally a space laboratory is the 
smallest, a space station the largest. 

The complexity of a space station de- 
pends on the number of persons who will 
live in it, on the experiments it is to perform 
and on the other work it is to do. A highly 
complex space station may be expected to 
perform many different kinds of astronomi- 
cal and astrophysical investigations. It 
might also be expected to serve as a facility 
where medical research, particularly re- 
search on the effects of Space travel on 
man, can be conducted. It can also be used 
as a space hospital for space travelers. 

The space station might also serve as a 
Space factory, manufacturing certain prod- 
ucts on board. Some products can be made 
more easily under the conditions of weight- 
lessness and the near-vacuum that exist in 
space. The behavior of certain materials in 
Space could also be studied. 

A section of the same Space station 
could be given over to biological studies. 


SPACE STATIONS 


Another part of the station could house 
special cameras and other equipment to 
examine and monitor the land and oceans 
below, studying the earth's agricultural, 
mineral and other resource- Still other 
sensors could observe worldwide weather 
patterns and the atmosphere 

Someday space stations may be able to 
assemble, refuel and maintain spaceships 
traveling between planets. Truly, the poten- 
tial of space stations is almost limitless. 


THE BRICK MOON, AN UNUSUAL 
STORY 


As modern and futuristic «s the term 
space station sounds, it is an idea that has 
been around for a long time. More than one 
hundred years ago, the mag e Atlantic 
Monthly published an unusual -hort novel, 
titled The Brick Moon. The story appeared 
in four parts —in the November and Decem- 
ber 1869 issues of the magazine and in the 
January and February 1870 issues. It was 
not until the end of 1870, however, that the 
author of The Brick Moon wa revealed. It 
was Edward Everett Hale, the American 
clergyman today known to all schoolchil- 
dren as the author of the famous short story 


“The Man Without a Country 

The Brick Moon tells the story of a 
space station named the Brick Moon. The 
station was spherical, with a diameter of 60 
meters. It was built to orbit the earth at à 
distance of 6,400 kilometers. It was intend- 
ed to serve as a navigational or directional 
guidepost for oceangoing vessels. 

As things turned out, the Brick Moon 
was launched accidentally while its con- 
struction workers and their visiting families 
were on board. It thus became, quite unex- 


The first U.S. space station, Skylab, was success" 
fully operated by three crews in 1973-74 
Rockwell International 


Goddard Space Flight Center 


A composite photo of the Middle-Atlantic section of 
the United States. Observation from space has 
provided much needed information about the 


earth's resources and environment. 


pectedly, the world’s first space station. 
Food and other supplies, including books, 
were quickly sent up to the surprised and 
stranded colony of 37 persons. The colo- 
nists soon became used to their new way of 
life. They lived in a tropical climate and 
were able to grow all sorts of crops. 

Hale, meanwhile, said of "his little 

world”: 

“Now, letit fall. . . . Letitfall. . - - 
The curve it is now on will forever 
clear the world . . . will forever re- 
volve, in its obedient orbit, the Brick 
Moon, the blessing of all seamen—as 
constant in all change as its older sister 
[the Moon] has been fickle, and the 
second cynosure of all lovers upon the 
waves, and ofall girls left behind them.” 

So much for the Brick Moon. 


EARLY 20th CENTURY IDEAS 


Many pioneering spaceflight scientists 
of the early 20th century showed how 


space stations might be placed in orbit. 
They also explained the purposes that 
such space stations might serve. Hermann 
Oberth, in books published in Germany in 
the 1920's, suggested that space stations 
would be useful for communications, for 
refueling spaceships, and for observing the 
earth. If rockets were to be placed "around 
the Earth in a circle," he wrote, “they will 
behave like a small moon. Contact between 
them and the Earth can be maintained by 
means of smaller rockets.” 

At about the same time, an Austrian 
Imperial Army captain, Hermann Noor- 
dung (pen name for Hermann Potochik), 
presented a detailed plan for a space sta- 
tion. He proposed a space station consist- 
ing of three main parts: a Wohnrad, or “liv- 
ing wheel,” where the crew would live; a 
power-generating module; and an observa- 
tory. 

The Wohnrad was shaped like a 
doughnut. It had a 15-meter radius and was 
designed to rotate, or turn, around a central 
hub. The rotation served to provide artifi- 
cial gravity along the perimeter, or outer 
rim, of the doughnut. 

Noordung’s space station was to be 
35,680 kilometers high and was to have a 
24-hour orbit. Thus the space station would 
have the same period of rotation—24 
hours—as the earth, which rotates on its 
axis once every 24 hours. Such an orbit is 
called a stationary, or geosynchronous, or- 
bit. A space station placed in such an orbit 
appears stationary in the sky. Noordung 
thought that such an orbit would make ob- 
servation of the earth below easier. 

An even more ambitious idea was pre- 
sented by the Englishman J. D. Bernal in 
his book The World, the Flesh, and the 
Devil, published in 1929. Bernal looked to 
the day when man would build permanent 
homes in space. He predicted: 

“At first space navigators, and then sci- 
entists whose observations would be 
best conducted outside the earth, and 
then finally those who for any reason 
were dissatisfied with earthly condi- 
tions would come to inhabit [extrater- 
restrial] bases. Even with our present 
primitive knowledge we can plan out 
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Series of illustrations showing space shuttle and some of its uses. Left shuttle is 
launched by two solid propellant boosters. Right: shuttle has just jettisoned an 
external fuel tank. 


such a celestial station in considerable 
detail." 

Bernal's space station was spherical 
and extremely large — 16 kilometers in di- 
ameter. He did not plan on creating artifi- 
cial gravity in his station. Rather, he felt 
that “there is no reason to suppose that we 
would not ultimately adjust ourselves to 
weightlessness." Bernal wanted to place 
Space stations in orbit around the sun, from 
where they could observe the inner solar 
System. 


IDEAS AFTER WORLD WAR II 


During most of the 1930's and 1940 4 
few original space station ideas appeared. 
Attention was focused on developing rocket 
engines and on military missiles. But, after 
the war, H. E. Ross of Great Britain pub- 
lished an article on a large rotating space 
station that would be used for research in 
meteorology, astronomy, Zero-gravity con- 
ditions, high-vacuum physics, cosmic and 
solar radiation, and communications. 

In 1951, Wernher von Braun designed 
a 60-meter, inflatable, wheel-shaped station 
to be placed in a 1,720-kilometer high orbit, 
He wrote that 

"a person observing the earth from up 
there would have a unique view of 
cloud formation on earth, particularly 
above the oceans. This offers novel 
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possibilities for weathe: asting. 
By using highpowered tel es, you 
may observe ships crossin oceans 
and you may flash iceber; ings to 


endangered ships. And > it or 


not, magnification factors ! be used 
that would enable you to people 
moving around on the eart surface. 
This is because the atmo ic dis- 
turbances, when looking outer 
Space through the earth’s atmosphere, 
are much less serious than those affect- 
ing astronomical observations from 
telescopes mounted on the bottom of 


the atmospheric shell. If we turn sucha 
Satellite telescope to the outer reaches 
of the universe, the planets and the 
Stars, we shall find observation condi- 
tions which no terrestrial observatory 
could equal." 

In 1953, Heinz Hermann Kólle pre- 
sented his Aussenstation concept. It was à 
station that consisted of a ring made up of 36 
Spheres, 5 meters in diameter. The ring was 
connected to a central hub by 8 supporting 
tubes, 4 of which had elevator shafts. This 
station could accommodate up to 65 per: 
Sons and would weigh 150 metric tons. Kalle 
planned his elaborate space station to serve 
many purposes: weather observation, fore- 
casting and control; research on the behav- 
ior of solids, liquids, and gases in space: 


Left: the 

deploy £ 

and othe rgo. 

biologic.’ studies of plants under zero- and 
low-gra conditions; navigational aids; 
earth-1 ices observation; communica- 
tions re and intermediate assembly, re- 
fueling i navigational assistance for 
spaces 

A TIME RETHINK IDEAS 


By the late 1940s and into the mid- 


1950's, engineers were thinking in terms of 
still larger manned space stations and, at 
the same time, in terms of minimal-size 


unmanned satellites. At this point it became 
clear that long before huge space stations 
could be built, much highly valuable re- 
search could be carried out by small un- 
manned satellites. The results would be 
radioed down to earth. Moreover, large 
launch vehicles needed to orbit space sta- 
tions were still many years away. Therefore 
attention was concentrated on unmanned 
earth satellites. Once, however, the Sput- 
niks, Explorers, Vanguards, and other sat- 
ellites of the late 1950's and early 1960's 
had been successfully orbited, interest in 
Space stations revived. 

Man would never be content to aban- 
don the exciting field of astronautic re- 
Search and exploration to remote space- 
craft. Besides, there were many things man 
could do that unmanned craft couldn't be 
Programmed to do. 


Rockwell International 


le extends an armlike extension to retrieve a satellite and opens to 
Nite. Right: shuttle heads back to earth, carrying used equipment 


MSOLs, MOSSs, MORLs, LORLs AND MSSs 


By the mid-1960's, smaller and more 
realistic space-station designs began to 
appear. These new designs were for crews 
numbering no more than half a dozen to a 
few dozen men. Typical of the names given 
to them were MSOL for manned scientific 
orbital laboratory, MOSS for manned orbit- 
al space station, and MORL for manned 
orbital research laboratory. 

As designed, the MORL had a useful 
lifetime in space of at least five years. It had 
two independently pressurized compart- 
ments connected by an air lock. The air 
lock is an airtight chamber in which air 
pressure can be regulated to permit transfer 
of people and material from an environment 
with one air pressure to an environment 
with a different pressure. The larger of the 
compartments was to contain a control 
deck from which most of the experiments 
would be conducted, an internal centrifuge 
that would create short periods of artificial 
gravity, and living quarters. The smaller 
compartment was designed as a hangar 
where cargo from ferry vehicles would be 
transferred. It was also to be used for 
maintenance and other support activities. 

Somewhat larger space-station designs 
inevitably appeared —but not too much 
larger. One was the 24- to 36-man LORL, 
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or large orbital research laboratory, and 
another was the MSS, a 36-man multipur- 
pose space station. MSS consisted of three 
experiment and crew modules, a hangar for 
arriving and departing ferry craft, and a 
zero-gravity laboratory. 


MODERN DESIGNS 


Beginning in the spring of 1969, the 
U.S. National Aeronautics and Space 
Administration (NASA) and its industrial 
contractors concentrated their efforts on 
two basic types of space station. One de- 
sign calls for a large, "all-in-one" integral 
Station that could be placed in orbit by large 
launch vehicles of the Saturn 5 class. The 
other design is based on the assembly-in- 
orbit modular approach. Many small mod- 
ules are carried aloft by space shuttles and 
are then assembled, or brought together, 
into a single unit. The core module, or main 
part, of an integral station, incidentally, 
could also receive separately orbited small 
modules, so, clearly, a combination of the 
two designs is possible. 

The core module, the basic element of 
a 12-man integral station, would typically 
bea cylinder, 10 meters in diameter and 15 
meters long. The cylinder would include six 
or seven docking ports for ferry craft, four 
internal decks, and a main pressurized area 
at each end. A central tunnel would con- 
nect the decks as well as air-lock facilities 
placed between the two main pressurized 
compartments. A tunnel would also lead to 
the emergency room where the astronauts 
would seek protection during periods of 
strong solar flare activity. During such peri- 
ods tremendous explosions on the sun re- 
lease massive electrical discharges. 

The advantage of having the station 
divided into two pressurized compartments 
is that a mission could continue even if one 
of the compartments became damaged and 
had to be evacuated. Each pressure com- 
partment would have two escape routes. 
All hatches would be large enough for 
space-suited crewmen to pass through 
without difficulty. 

The other design—the modular, or 
assembly-in-orbit, design—became attrac- 
tive to NASA planners once they realized 
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that reusz^le space shuttles would be avail- 
able by the early 1980's. The first success- 
ful shutt'e of this kind, name Columbia, was 
launche id safely landed in April 1981. 
Shuttles l| be able to carry individual 
passeng cargo and experiment modules 
into orbi: Once in orbit these modules may 
be asse: d into the space station proper, 
or be prepared for detached "'free-flying" 
service, simply be unloaded and made 
ready { turn to earth. Thus, at any one 
time, a modular space station might consist 
of perr nt living and experiment mod- 
ules, a tly docked cargo or passenger 
module id one or more temporarily 
docked -flying modules. 


Fre ying modules would house ex- 


periments that require extremely precise 
“pointin ontrol. The experiments must 
be isol: from contaminating gases and 
radiatio 'roduced by the station proper 
and by ving and departing shuttles. AII 
modules would be protected against micro- 
meteor by “bumpers” placed over the 
pressu compartments. Micrometeo- 


roids : small solid particles traveling 
through space that could cause serious 
damage ı space station. 

One advantage of a modular space sta- 


tion is that its individual modules can be 
Series of illustrations depicting Spacelab, a project 
of the European Space Research Organization, 
(ESRO) that will be put into orbit by the Space 


Shuttle. Left, top to bottom: Spacelab being placed 
in Shuttle: member of crew moving into laboratory; 
crew moving into living quarters; view of external 
instrument platform. Below: data being transmitted 
to earth. 


returned to earth by shuttle for repair, 
maintenance and modification. The shuttle 
can also be used to carry new supplies to the 
station in cargo modules. These cargo mod- 
ules can return to earth with exposed film, 
instruments needing repairs, empty contain- 
ers, worn-out equipment, trash and the like. 

Rotating crews can travel in passenger 
modules. Should an emergency occur a 
shuttle can be readied, launched and be on 
hand at the space station in orbit within 48 
hours. For even more rapid service, a spe- 
cial Apollo rocket could be stored in a 
docking port at all times, ready to carry 
back to earth at least part of the crew —for 
example, an astronaut requiring immediate 
medical attention on earth. 


SELECTION OF ORBIT 


The orbit of a space station will have to 
be above the earth's atmosphere, yet below 
the Van Allen radiation belts, a band of in- 
tense radiation surrounding the earth. Cir- 
cular orbits between 465 and 510 kilome- 
ters at an angle of 50° to 55° to the equator 
turn out to be the best for space stations 
and allow the best observation of the earth. 


ON BOARD THE STATION 


Whether integral or modular, the space 
station includes a number of specialized 
areas in which astronauts live, work, con- 
duct experiments, and undertake other ac- 
tivities. Among the areas are: 

Living quarters that include sleeping 
rooms, toilet and washing facilities, individ- 
ual study areas, clothing storage space, and 
medical facilities. 

Wardroom and galley, where food is 
stored and prepared and the crew eats, re- 
laxes, and exercises. 

General-purpose area, where "every- 
day" types of experiments are conducted 
and equipment is checked over. 

Command, control and data-manage- 
ment center to handle all communications 
to and from the space station. Computer 
systems, automatic checkout systems, and 
various on-board consoles and displays re- 
lated to routine operations of space sta- 
tions, free-flying modules and ferry craft 


are also used. 
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Model of Salyut, the first 
Soviet space station. Soyuz 
spacecraft docked with the 
station and crews trans- 
ferred to the station. 


Storage for spare parts and miscella- 
neous supplies. 

Provision for artificial gravity, if re- 
quired. 


SPACE-STATION SUBSYSTEMS 


In addition to the main areas described 
a space station may have many subordinate 
systems that make it possible for the crew 
to carry out its many activities over long 
periods of time. The principal subsystems 
of a space station are: 

Attitude, pointing and position control. 
These subsystems maintain the station pre- 
cisely in the desired orbit and angle. They 
point cameras, telescopes and other sen- 
Sors at a particular subject. The main ele- 
ments of these subsystems are momentum 
wheels and an array of small rocket engines 
placed outside the station. 

Electrical power. These subsystems 
provide, control and distribute electric 
power to the space station proper and to 
any free-flying modules that may be tempo- 
rarily docked to the Space station. The 
source of electric power can be either a so- 
lar-cell array or an internal nuclear reactor. 
Solar-cell arrays convert the rays of the sun 
into electric power. This system must, 
however, be complemented with electro- 
chemical batteries. These batteries will 
provide electric power when the orbiting 
Space station is passing through the shadow 
of the earth and its solar cells are not re- 
ceiving any direct sunlight. 

Environmental control and life sup- 
port. These subsystems furnish the astro- 
nauts with an appropriate environment. 
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US. 
They will provide for oxy; nd nitrogen 
gas storage and supply, for tempe rature and 
humidity control, for carbon-dioxide con- 
trol, for water and waste management, for 
food management, and for personal hy- 
giene. 

Information handling hese subsys- 
tems display and communic nformation 
on overall space-station oj ons, flight 
control, experiments, scheduling and many 
other activities. To ensure full-time contact 
with earth-based mission-con!rol centers, 
communications from an orbiting space sta- 
tion will be routed through high-altitude 


communication satellites. 
CREW OPERATIONS 


In a 12-man space-station crew, three 
or four members will be needed to operate a 
typical integral or modular space station. 
The other eight or nine persons will thus be 
able to perform research and to conduct 
studies. Non-astronaut scientists and engl 
neers are the “users” of the space station, 
and are supported by the operating crew. 


USES OF SPACE STATIONS 


Work in future space stations will ui 
on research completed in February 19 
aboard the three-man Skylab orbital labora- 
tory. Astronomers, for example, plan tO 
conduct experiments to study X rays w 
other energy sources, as well as the sun an 3 
other stars. Earth-observation work will i 
clude a careful study of many of the earth 4 
surface features; special mapping ase 
ments; inventory of the earth's nonren 
able and renewable resources: and globa 


environment studies. The goals of the 
communications and navigation research 
facility to serve international require- 
ments for worldwide communications be- 
tween ground, ocean, airborne, and space- 
borne t inals. Such research should also 
improv und, ocean, air, and space navi- 
gation 

Sp stations will be ideal for making 
advanc udies in materials science and 
for ma studies of manufacturing in the 
Zero-gt space environment. Scientists 
will try work out on-board processing 
metho r new materials and products. 
This, i rn, may someday lead to com- 
mercial manufacturing operations in orbit. 

TI e sciences will be no means be 
neglect \ large number of space facilities 
and activities have been proposed to permit 
basic | ical research to be carried out. 
For ex le, biologists are eager to study 
how changes in gravity affect living orga- 
nisms, ! differences in day-night cycles 
can ch the functioning of an organism, 
how or sms age in space, and many other 
questic space biologists will also try to 
determ how to use the space environ- 
ment t j advance medicine, agriculture, 
and public health. 

Education will also greatly benefit from 
space stations. In the future, scientists and 
other specialists will be able to broadcast 
NASA is developing a 


Space shuttle to ferry peo- 
ple and material to and 
from an orbiting space sta- 
tion. Here a model of such 
a shuttle with cargo doors 
Open to reveal a model of 
ESRO's Spacelab. 


and televise summaries of their findings 
directly into schoolrooms all over the 
world. 

After the establishment of a modular 
space station, it will be possible to move 
individual modules into higher orbits — in- 
cluding the 35,680-kilometer geosynchro- 
nous orbit—by auxiliary spacecraft called 
space tugs. Tugs contain a special propul- 
sion system that allows them to move from 
one orbit to another. They can carry space- 
station modules all the way to orbits around 
the moon. Such modules, stacked up to form 
a two- or three-stage rocket, may also pro- 
pel unmanned spacecraft from earth orbit 
to a Mars orbit. 

In due time, 12-man stations will al- 
most certainly be expanded, and eventually 
50- to100-man stations may be established 
in orbit around the earth. Since crews and 
researchers will most likely spend many 
months at a time in the space stations, the 
living and dining areas of the station may be 
provided with artificial gravity for conve- 
nience. Still further in the future may come 
orbital hospitals, hotels and recreational 
facilities. Who knows — perhaps zero-grav- 
ity gymnasts will follow up where the Sky- 
lab astronauts left off and someday perform 
acrobatic stunts in orbit for television audi- 
ences. Whatever can be done in space 
stations probably will be done. 


ESRO 
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THE EXPLORATION 
OF THE MOON 


By Hans J. Behm 


Peo have always been curious 
about the moon. Since the earliest times 
they hav eculated about its nature and 
origin. ! centuries the moon has also 
been the ject of myth and superstition. 
No seric \ttempt to understand it and to 
reach it d be made so long as this was 
the case st, the moon had to be recog- 
nized as a distinct world in space, not un- 
like the carth in some respects. Second, 
people ! to grasp the difficulties that 
would | volved in a possible journey to 
the eart :earest neighbor. 


It wes the ancient Greeks who first 


specula freely about the universe and 
who realized that the earth was a globe and 
that the sun, moon, and planets were per- 
haps w ; like the earth. The peoples of 
the anciert Orient had even earlier built up 
a tremendous store of information on the 


apparent motions of these heavenly lights, 
but they did not recognize them as distinct 
celestial objects. It took a long period of 
speculation, measurement, and study before 
the present state of lunar knowledge and 
exploration was reached. 

The history of lunar study and explora- 
tion falls into three major periods: (1) the 
pre-telescopic era, to A.D. 1609; (2) the tele- 
scopic era, from 1609 to 1959; and (3) the 
space-exploration era, since 1959, the year 
that the first lunar probe reached the 
moon. In 1969 the first men set foot on the 
moon, an event that marked another mile- 
stone in lunar exploration. 


PRE-TELESCOPIC EXPLORATION 


As we have stated, the ancient Greeks 
opened people's eyes to the possibility ek 
Worlds in space. They measured the cir- 
Cumference of the earth with astonishing 
accuracy. Their estimates of the moon s 
size and distance from the earth were, 
however, not very accurate. Lacking any 


telescopes and similar instruments, they 
could only guess about the moon’s nature. 
The Greeks generally believed that the 
earth was the center of the universe, and 
that the sun, moon, planets, and stars re- 
volved around us. But the Greek astrono- 
mer, Aristarchus of Samos, in the third cen- 
tury B.c. proposed that the sun was the 
center of planetary revolutions, not the 
earth. This idea was generally disregarded 
until the sixteenth century, when it was 
successfully revived by the Polish astrono- 
mer, Nicolaus Copernicus. 

In the absence of any exact knowledge 
about the atmosphere and outer space, 
some Greeks considered it possible to 
reach the moon by sailing or flight. The first 


This television antenna, attached to the astronaut's 
Lunar Rover vehicle, enabled earth-bound scien- 


tists to explore the moon along with the astronauts. 
NASA 
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known moon-voyage story was written bya 
Greek called Lucian of Samosata in the 
second century. He tells how a Ship in the 
Atlantic is blown to the moon by a huge 
storm. There the passengers encounter fan- 
tastic beings who are preparing a war 
against the sun. Lucian wrote another 
story, about a man named Icarus who flies 
to the moon by means of bird wings at- 
tached to his body. These basically satirical 
tales set the pattern for many stories in the 
centuries that followed. The moon and 
other worlds were believed to be homes of 
manlike beings, monsters, and other weird 
or unusual creatures. 

In the Middle Ages of Europe (A.D. 
500-1500), the Catholic Church crystal- 
lized its teachings about the universe on 
the Ptolemaic system, which held that the 
earth was the center of the cosmos. Specu- 
lation about life on other worlds was con- 
sidered dangerous and was discouraged. 
Later, however, investigations began to 
disclose the errors of these ideas. In 1543 
Copernicus repeated Aristarchus" view that 
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Panoramic view of the lunar surface. Cutting across it diagonal y are Mew 
in the dust by a transporter device as it moved from the module (backg 


the earth and other planets revolved around 
the sun. In 1609 the Italian scientist Gali- 
leo turned the newly invented telescope to 
the skies. What he saw there dealt a death- 
blow to the Ptolemaic system, and started a 
revolution that laid the foundations of mod- 
ern astronomy. 


THE TELESCOPIC ERA 


The crude little telescope used by ot 
ileo showed the face of the moon as it e 
never been seen before. Even its pode 
magnification of some thirty times a 
bright mountains, craters, and dark wie 
areas. Galileo made a crude chart of fi 
major moon features he saw through his E 
tle telescope. He was so struck by lr 
parently earthlike aspect of the moon ions 
he erroneously called the dark regi 
maria, the Latin word for "seas." fol- 

Other astronomical discoveries A 
lowed in the 1600's. Johannes Kepe 
German astronomer, announced the P 
of planetary motion. One states kw 
planets orbit the sun in oval paths calle 


lipses, and not in circles, as Copernicus 
had believed. The English physicist Isaac 
Newton developed the laws of gravitation 
and motion, which helped explain planetary 
motion. A rash of moon-voyage stories ap- 
peared, some of which incorporated the 
new discoveries. Most, however, were fan- 
tasies. The means of travel to the moon were 
totally unrealistic except for one story in 
which a rocket-powered vehicle was used. 

As the seventeenth century pro- 
gressed, astronomers become more and 
More aware of the vast gulfs separating the 
earth, moon, sun, and planets. The moon 
itself was recognized as a small, airless 
globe incapable of supporting earthly life. 
With the eigthteenth and nineteenth centu- 
Ties came tremendous progress in astrono- 
my. Telescopes increased enormously in 
Power and clarity, and new instruments, 
Such as the spectroscope and the camera. 
vastly increased the range of knowledge. 
The advent of photography in the nine- 
teenth century aided and speeded the task 


The Lunar Rover used by the 
Apollo 17 astronauts is 
dwarfed by a gigantic boulder 
in the mountainous Taurus- 
Littrow region of the moon. 


of mapping the moon immeasurably. The 
first photograph of the moon was made by 
an American scientist, John Draper, in 
1840. In 1897 the Paris Observatory com- 
pleted a photo atlas of the moon. 

By the nineteenth century, astronomy 
and geology had sufficiently advanced so 
that explanations of the moon features 
could be seriously offered and the origins of 
the features discussed. 

The twentieth century has witnessed 
even more revolutions in astronomy. Peo- 
ple were able to view details of the lunar 
surface never before seen by the human eye 
at the telescope. These discoveries fired 
small groups of people to consider seriously 
means for traveling to the moon. The 
fiction writers in the meantime had not been 
idle. Authors such as Jules Verne and H.G. 
Wells kept popular interest alive from time 
to time with their tales of interplanetary and 
lunar adventures. 

Although rockets had been in use for 
fireworks and as weapons from the thir- 
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The Apollo 16 lunar module 
was named Orion. As it lifts 
off the moon, the flame from 
its ascent-stage engine cre- 
ates a kaleidoscopic effect. 


teenth century, few individuals ever consid- 
ered them as a safe or reliable means of 
travel. It was not until the nineteenth centu- 
ry that serious proposals and even experi- 
ments were made using rocket-propelled 
vehicles. Near the end of the 1800's, the 
Russian scientist Constantin Tsiolkovsky 
and the German scientist Hermann Gan- 
swindt wrote and lectured on the principles 
of powered space flight. But at that time, 
few scientists and engineers took the ideas 
of these two men very seriously. 

The twentieth century saw the fruition 
of the rocket-ship dream. In the 1920's 
and the 1930's, the groundwork for the 
technology that ultimately took men and 
their instruments to the moon and beyond 
was laid. After World War II — which saw 
the development of rocket technology — and 
during the later 1940's and the 1950's, 
the Soviet Union and the United States sent 
rOCkets aloft to explore the upper atmo- 
Sphere and near space. They then decided 
to launch artificial satellites to circle the 
earth and later to orbit or land on the moon. 


SPACE EXPLORATION OF THE MOON 


In 1957, the Soviet Union launched 
Sputnik, the first artificial satellite to orbit 
the earth. The United States followed suit 
with the Explorer 1 in early 1958. The 
Soviet Union then sent unmanned probes 
to the moon, in its series of Luniks. Later in 
1959, Lunik 2 crashed on the moon. Later 
the same year, Lunik 3 circled the moon and 
sent television pictures to earth of the lunar 
far side, which had never before been seen 
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by man. It was not until |‘ hat Lunik 9 
made a soft landing on th yn and sent 
pictures of the lunar surfac ick to earth; 
In the meantime the Unite tes planned 
to send unmanned probes to the moon. Its 
Ranger series of moon cr ı 1964 and 
1965 was designed to cr: | the moon, 
but before a Ranger vehicle crashed, it took 
thousands of photos of the approaching 
surface of the moon on | from the 
earth base. The photograph: were trans- 
mitted to earth electronically. Three Rang: 
er craft, 7-9, showed details of the lunar 


surface about a thousand times greater 


than could be seen with best earth 
telescopes. Even small craters only one or 
two meters across were made visible. 
From 1966 to 1967, the United States 
launched unmanned artificial satellites t0 


orbit the moon. Known as Lunar Orbiters, 
five of these vehicles swept close to the 
moon's surface and took thousands of E 
tographs, which were relayed to earth 
These vehicles also took photos of the 
earth as seen from the moon Another se- 
ries of unmanned shots was designed 19. 
soft-land on the moon. Known as Survey- 
ors 1-7, five of them settled gently on vale 
ous spots on the moon to test its - 
They determined that the moon was S : 
for landing. They also carried out variou 
tests of the moon’s surface, and excavata 
some of it for study. Surveyor 5 madè 

chemical test of lunar rocks by irradi 
them with atomic particles and recor 
how the rocks reacted. In this way c 
tists on earth deduced something of t 


chemical composition of lunar material. 
They concluded it was like earthly basalt, a 


volcanic rock. The Surveyors showed that 
the moon's surface was covered with pul- 
verized rock and larger pieces of stone. The 


spacecraft also sent many photos of the 
moon to earth, and also pictures of the 
earth as ! from the moon. 


In the 1960's and 1970's, the Soviet 


Union continued its program of unmanned 
lunar ex ation. Probes circled the moon 
or landed on its surface. Luna probes took 
samples lunar soil and sent them, by 
means of rockets, back to earth for study. 
Two wh d vehicles — Lunokhods 1 and 
2—were landed on the moon's surface. 
They v iriven across the lunar surface 
by remote control from earth. 


AS ly as 1961, the United States 


had decided to land men on the moon, in 
Project Ilo. From late in 1968, a series 
of Apollo missions sent U.S. astronauts 
into orbi! around the moon and later landed 
them on its surface. The astronauts brought 
back n specimens of rock that have 


immense! 


added to our store of knowledge 
about the moon. They also took thousands 
of photographs of the moon and the earth, 


on the yon itself and from the Apollo 
spacecraft. They set up scientific experi- 
ments on the lunar surface, the results of 


Which were telemetered to earth. 
TRAVEL ON THE MOON'S SURFACE 


The moon presents many obstacles to 
travel on or above its surface. Conventional 
modes of earth transportation —airplane, 
automobile, train, and ship — would be very 
difficult or impossible there. The moon has 
no air. Combustion engines, such as gaso- 
line, diesel, steam, and jet engines, cannot 
Operate, unless a supply of air or oxygen as 
well as fuel is provided. The absence of an 
atmosphere on the moon also rules out air- 
craft. Only rocket or reaction power plants 
would make flight through the lunar skies 
possible. There are no water bodies for 
boats. 

Locomotion on the lunar surface in à 
ground vehicle involves many problems. 
Motors not requiring air would be powered 
by electricity. The low lunar gravity —one- 


sixth that at the earth's surface — would 
make control of the vehicle difficult. Special 
suspension, steering and axle systems 
would have to be designed. 

What kind of undercarriage would be 
suitable? Traction, or grip, on the soft and 
yielding lunar dust would be hard to 
achieve. Air-filled tires would not work. 
They would simply inflate and explode in 
the moon's vacuum. Treads or tracks, as on 
a tank, would be one solution. But drivers 
and engineers have learned that wheels 
with thick, flexible tires offer the best 
means of locomotion through soft dirt and 
sand. Airless tires of flexible, springlike 
metal or other material would be the best 
answer here. 

Other requirements for a lunar vehicle 
would be lightness and compactness, for 
easy transport from the earth to the moon; 
a tough, flexible chassis and axles, for 
movement over rough lunar ground; an 
ability to withstand the vacuum conditions 
and great temperature extremes of the 
moon; and enough speed for traveling sig- 
nificant distances in a reasonable time. The 
vehicle must have room for at least two as- 
tronauts with their equipment, experimen- 
tal packages, and specimens of lunar rock. 
Navigational and communication systems 
would also be vital. 

The United States incorporated these 
features into its first lunar roving vehicle 
(LRV). On its first mission, it carried two 
U.S. astronauts on several short journeys 
of exploration across the moon's surface. 


Central station of an Apollo Lunar Surface Experi- 
ments Package. This package contained the many 
devices used to study the moon. 
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When the aluminum LRV was un- 
folded from the lunar module on the moon, 
it was three meters in length. Each of its 
four wheels was powered by a one-quarter 
horsepower electric motor. Flexible wire- 
mesh tires provided excellent traction. 
Power was supplied by electric batteries. 
Top speed was about 16 kilometers per 
hour, maximum range, around 65 kilome- 
ters. The LRV could cross cracks in the 
ground 60 centimeters wide and move up 
slopes of 25°. Steering was accomplished 
by a control stick that was moved much as 
the one in an airplane. All four wheels 
could be turned, for sharp maneuvers. The 
car carried two astronauts and their equip- 
ment. Computerized navigation instruments 
told the astronauts where they were. A 
color television camera on the LRV re- 
layed to earth, via a high-gain antenna, 
views of the moon. 

The LRV’s earth weight was 200 kilo- 
grams, on the moon somewhat over 34 kilo- 
grams. The vehicle could operate even if 
some of its vital parts broke down, which in 
fact did happen at first. 

_ The mission landed in the north central 
region of the moon’s near side, in the Palus 


On July 20, 1969, Edwin E. 
Aldrin, Jr., the second man 
on the moon, poses beside 
the United States" flag which 


they placed on the moon's 
surface. 


Putredinis (“Swamp of D 
the Apennine Mountain 
brium. In this area is a 
gash in the moon's surf; 
which has puzzled astron 
tions. The astronauts ma. 
in the LRV along the A; 
front and Hadley Rill, gat! 
imens of moon rock. O 
also used in the Apollo 1€ 
in 1972. 

The Soviet Union h: 
lunar vehicles — Lunokho 
ers") 1 and 2—with 
complications. A Lunokl 
an unmanned, automate 
lunar vehicle is "driven" 
from earth. The "drive: 
television image of th: 
sent by cameras on the 
moves. 

Lunokhod itself is eq 
mated devices to control 
own movements, It also c 
tific experiments and instru 
ing the moon, inside a lar 
a lid. 

Lunokhod 1 was lande 


between 
Mare Im- 
t canyonlike 
ladley Rill, 
for genera- 
ree journeys 
ie mountain 
many spec- 

RV's were 
17 missions, 


1 


developed 
Moon Rov- 
| additional 
essentially 
chine. This 
note control 
arth sees a 
w surface, 
khod as it 


d with auto- 
monitor its 
other scien- 
s for study- 
tainer with 


e in 1970 in 
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the Mare Imbrium, in the moon’s northern 
hemisphere. Lunokhod 2 was set down ear- 
ly in 1973 in the crater Le Monnier, also in 
the northern hemisphere. 


STUDY OF THE MOON 


The field of astronomy that deals with 
the moor general is called selenology. 
The branch of selenology that deals with 
the su > features of the moon is selenog- 
raphy. Selenology goes back to the time 


before telescopes. Selenography, however, 
begins with the telescope. In its earlier peri- 
od, fror )9 into the nineteenth century, 
selenographers were primarily concerned 
with m: ig the moon’s surface. It was 


slow, painstaking work, requiring years of 


patient, eye-to-the-telescope observation 
and careful drawing. 

The modern science of astrogeology, 
which deals with the structure and features 
of sol »rids (planetary bodies) in space 


outside the earth, had its origins in selenog- 


raphy. Other instruments besides tele- 
Scopes and cameras have come to the sel- 
enographer’s aid —spectroscopes, radar, 


and moon probes. 
SURFACE FEATURES OF THE MOON 


Perhaps the most controversial fea- 
tures of the moon are craters. Debate about 


Two of t nany thousands of photos of the 
Apollo crews. Left: view from Apollo 11 show 


their origin still rages. Two schools of 
thought predominate on this point. The 
volcanic school holds that lunar craters 
were caused by eruptions of molten rock 
from the moon's interior. The meteoritic 
School contends that craters were formed 
by the explosive impact of meteorites from 
space hitting the lunar surface. Some au- 
thorities favor neither view exclusively, but 
feel that the craters are due to an interac- 
tion of both processes. Still others think 
that at least some lunar craters were cre- 
ated by other geologic processes, such as 
sinking or slumping of moon rocks, thus 
giving rise to circular features that superfi- 
cially resemble volcanic or meteoritic cra- 
ters. 

Some scientists believe that meteors 
and even small asteroids plunging to the 
moon have been responsible for most of the 
lunar features. The impacts of huge chunks 
of matter from space have even been stated 
to originate the formation of the lunar mar- 
ia. The maria tend to have a circular shape 
and are surrounded by mountains, much as 
the large craters are. The meteorists believe 
that the explosive impact of a meteorite 
affected lunar rock on a vast scale. Later, 
lava from the moon's interior flooded many 
square kilometers of the area, forming the 


mare. 


surface of the moon taken by the 
s craters which vary in width from 


side of the moon. 


1 or 2 meters to 50 meters. Right: the crater-packed far Br 
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The volcanists argue, on the other 
hand, that lunar features arose by processes 
native to the moon. These processes are 
usually, but not always, much like those 
that shaped the features of the earth. Many 
scientists feel that certain surface features 
could not have been caused by random hits 
from meteorites. Volcanologists claim that 
the peculiar glows and hazes seen from 
time to time on the moon are signs of vol- 
canic activity. Their opponents say these 
are luminescence in the lunar rock caused 
by radiation from space. 

The moon probes and U.S. Apollo 
missions have confirmed the existence of at 
least some lunar features that strongly re- 
semble volcanic features on earth—domes 
and lava flows. The question remains 
whether volcanic activity was ever wide- 
spread and important on the moon. Exten- 
sive rock melting was undoubtedly caused 
by impacts of large meteorites on the lunar 
surface. They probably also produced the 
large craters and the maria, or plains. 


COMPOSITION AND HISTORY 


Lunar rocks generally resemble the 
earth rocks known as basalts, which are 
finely grained, and gabbros, which are 
coarser-grained. These are dark, dense, 
chemically related rocks of igneous origin. 


Astronaut John Young driv- 
ing the Lunar Rover. The 
rover moved about the 
moon's surface at an aver- 
age speed of about 6.5 kilo- 
meters an hour. 


Among the younge f moon rocks 
are the mare basalts. These rocks formed 


from dark lavas thi poured out 
3,000,000,000 to 3,800,000,000 years ago, 
to form the floors of many large craters 
and maria. 


As its rocks attest, th 
a long, complex history 
4,600,000,000 years ag 
the original crust is bel 
lidified. 

The moon has a com; 
There is a dense, rigid cr: 
meters on the earthward 
kilometers thick on the 
the crust is the mantle of c 


moon has had 
zinning about 
earlier, when 
| to have so- 


sted structure, 
ibout 24 kilo- 
and up to 64 
side. Beneath 
ser rock, with 


a gabbrolike compositio: iere may bea 
partly molten layer about 965 kilometers 
down. 

At the moon's cente re may bea 
heavy, possibly liquid or semiliquid core 
about 640 kilometers in diameter. Its posi- 


tion is lopsided, its center closer to the 


earth-facing side of the moon 


The moon has a weak magnetic field. 
The origin of the field is still uncertain. For 
à more detailed discussion of the moon 
and of moon rocks, see the articles 


Geology of 
ok of Popular 


"The Moon" and “T 
the Moon" in The New B 
Science. 
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Left: Astronaut Eugene Cernan 
climbing aboard the Lunar Rover. 
Below: Tranquility Base, the 
landing site of the first Apollo 
mission. The lunar horizon is 
about 3 kilometers away 
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he f the 
A microsection of one of the rocks brought back to earth iom t he sud ele 
moon. This colorful igneous rock contains three minerals: clinopyro: ] 
gioclase, and ilmenite. 


GEOLOGY OF THE MOON 


by Paul D. Lowman, Jr. 


When man first turned the telescope on 
the moon over three centuries ago, he saw 
mountains and plains and craters. He real- 
ized that here was a world not unlike the 
earth in many ways. Astronomers mapped 
the side of the moon that faces us, naming 
its features and measuring their heights and 
depths. Soon they began to speculate on the 
origins of these features. 

As the study of the earth — geology — 
developed along with astronomy, the na- 
ture of the moon's surface forms began to 
take on more significance. Scientists began 
to compare the earth and the moon, finding 
not only striking similarities but also great 
differences between them. 

With telescopes and even more Sophis- 
ticated instruments such as radar, astron- 
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omers could go only so far in understand 
lunar features. In the 1960's, much grea d 
knowledge became available when bo 
manned spacecraft photographed the m tis 
at close range, landed on it, sample a 
rocks, and sent the data to earth. In 1 d 
men first set foot on the moon and rete 
to earth with specimens of its dusty su 
and rock formations. 

All the data obtained from earth-based 
observation, unmanned moon flights, E 
the explorations of the Apollo -€— 
have been combined into a single scien! F 
field that has come to be known as lun 
geology. 


LUNAR AND TERRESTRIAL GEOLOGY 


A id 
Lunar geology is essentially the study 


of the moon through its rocks and land- 
forms. [ts goal is a correct and reasonably 
detailed picture of how the moon has 
evolved. It may be surprising to hear that 
soon be able to understand the 
logic development more clearly 
the earth. This is especially true 
tages — the first 2,000,000,000 


years or so—of the moon's history. On 
earth, rocks representing this particular 
span of time have generally been deeply 
buried by younger rocks. 


Even where such very ancient earth 


rocks h been exposed, they have often 
been metamorphosed, or greatly altered, by 
different geologic forces and events, almost 
beyond any resemblance to their original 
condition. In fact, they have frequently 
been destroyed by erosion or melting. Their 
former ; nce in many cases can only be 


detected by the gaps left in the sequence of 
the remaining rocks. The moon apparently 


has suffered far fewer such changes. By no 
means geologically "dead," our satellite, 
compared with the earth, is in something of 
a geological “deep freeze." 


SURFACE OF THE MOON 


Although the moon may at first seem 
tobea chaotic wasteland, its visible features 
may be sorted and classified. The surface is 
divided mainly between dark, generally 
level plains—the so-called maria (singular: 
mare)—and bright rugged uplands, or high- 
lands. Covering both the maria and uplands 
are circular structures called craters. 

Sometimes running for hundreds of 
kilometers across maria and uplands alike 
are long cracks, grooves, or valleys, called 
rills, which may be straight or crooked. 
Other kinds of features include ridgelike 
wrinkles in the maria, and probable volcanic 
forms such as domes, cones and apparent 
lava flows. We will take up these lunar fea- 
tures in turn, starting with the most con- 
Spicuous and puzzling, the craters. 

Craters. The most striking lunar land- 
forms are the craters: roughly circular 
Structures, each consisting of a wall or rim 
that surrounds a generally somewhat level 
area. This inner area, or crater floor, may 
be depressed below the general level of the 


ground surrounding the crater. The floor 
may be relatively smooth or may have 
mountains or hills. Craters may appear 
"fresh," with raised, strongly defined, or 
rugged rims. Others are very shallow and 
virtually rimless. The latter type is appar- 
ently badly eroded, buried by later rocks 
or loose deposits or filled with solidified 
lava (once-molten rock). 

Good examples of large craters are 
Copernicus and its very similar cousin, 
Tycho, to the south. Both craters are broad, 
rather shallow depressions, with raised 
edges and surrounded by piles of material 
that have evidently been ejected, or thrown 
out, from the craters by some means. This 
ejected material, or ejecta, forms a bumpy 
or hummocky terrain near the craters, and 
grades outward into hills that form a radial 
pattern. 

These radial hills in turn grade into a 
halo of so-called secondary craters. The lat- 
ter are believed to be shallow pits or gouges 
dug into the lunar surface by falling frag- 
ments of rock — the ejecta — thrown off from 
the main craters. Radiating still farther 
from the main craters are the rays: bright 
streaks along the lunar ground. Along these 
rays, chains of secondary craters are visible 
in many areas. The rays of crater Tycho 
extend almost halfway across the near side 
of the moon. : 

Inside the craters Tycho and Coperni- 
cus are concentric terraces going down 
along the walls toward the central depres- 
sion. These terraces are probably blocks of 
rock that have slumped or slid down at 
some time after the craters were formed. 
Some sort of material also seems to have 
flowed down the crater sides toward the 


floor in many places. 


In 1969, man first set foot on another member of the 
solar system. He returned with priceless treasures: 
rocks, soil, glass beads. Since that time, other as- 
tronauts have viewed earth from the lunar surface. 
The photo below shows the earth as a crescent 
above the moon's horizon. 
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Close-up of a moon rock. One specimen brought 
back by the astronauts is dated as 4,600,000,000 
years old—the calculated age of our solar system 


The crater floors themselves may have 
been liquid at one time; that is, the craters 
were partially filled with lava, or molten 
rock. This seems evident from the ropy na- 
ture of the floor’s topography, as in Tycho. 
Copernicus probably had a similar floor at 
one time. But since this crater is somewhat 
older than Tycho, its floor has been partly 
eroded. On the floors of these and many 
other craters, there are rises called central 
peaks, as well as many smaller hills. 

Copernicus and Tycho are typical of 
certain of the moon’s large craters, Many 
more are obviously very old, eroded ver- 
sions of these two. Eratosthenes, for exam- 
ple, just east of Copernicus, once resem- 
bled the latter crater. But with the passage 
of time, small meteorite impacts and other 
processes have subdued Eratosthenes’ to- 
pography; its rays are now invisible. Other 
craters resemble Tycho and C opernicus in 
most respects, except that they have been 
filled with dark rock of some kind, probably 
deposits of lava. 

, An extremely important question now 
arises: How big can craters be? This de- 
pends on the definition of a crater. Tiny 
craterlike pits of microscopic size have 


been detected in small fragments of moon 


rOck. And yet we can consider many of the 
dark plains, or maria, of the moon as craters 
ofa sort, because they are often surrounded 
or partly surrounded by wall-like ramparts 
of mountains. 

If such a wide variety of landforms 
can be labeled “craters,” we may well ask 
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main theories of crater g (1) meteor- 
itic or cometary impact volcanic ac- 
tivity. 

The impact theory h: pidly gained 
favor recently, especially ng scientists 
in North America since 1950's. Evi- 
dence supporting it come a variety of 
sources, First, sizable b - meteorites 
or possibly even very asteroids — 
have been known to strik earth occa- 
sionally. Many smaller however, 
are destroyed by the e: atmosphere 
before they reach the gr The moon 
has no atmosphere to spe so it would 
suffer many more meteor ir ts for a giv- 
en time in any given area than the earth 
would. 

Second, there are many large, appar- 
ently impact craters on the earth. Meteor 
Crater, one and one-half kilometers wide, 
in Arizona and the Manicouagan structure, 
60 kilometers across, in Canada are proba- 
ble examples. Nearly fifty of these forma- 


tions show evidence of what seems to be 
meteoritic impact. 

This evidence consists of fragments of 
iron-nickel, a common component of mete- 
orites; melting and recrystallization of rock 
caused by the impact shock of a meteorite 
landing; and unusual minerals that form 
under very high pressures and tempera- 
tures, which are usually produced by im- 
pact. A 

Third, many lunar craters, including 
Copernicus and Tycho, resemble earth B 
ters that have resulted from the impacts 0 
TOCkets and from explosions. The propor- 
tion of depth to diameter in many lunar cra- 
ters equals that of earthly explosion craters. 

Fourth, asteroids closely approach the 
earth and moon occasionally. In the past 
few thousand million years, at least a few 
such bodies must have hit the moon. 
Copernicus and similar craters are not the 
Scars of such encounters, where are the 
scars? f 

Advocates of the volcanic theory 9 
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These volcanic craters tend to be much 
smaller generally than the average impact 
craters. Most of the chain craters —that is, 
those that tend to occur in lines or rows— 
are almost certainly volcanic. They are 
thought to arise, like many earth volcanoes, 
along cracks in the crust, through which 
molten rock or gas wells up, or erupts. 

Some of the small craters may have 
been formed by the impact of rocks falling 
to the ground after they had been shot out 
in volcanic eruptions. Such volcanically 
caused impact craters would be called sec- 
ondary craters, like the secondary craters 
around large impact craters. 

Craters bear some resemblance to the 
circular maria: the latter also tend to have a 
circular shape and are often surrounded by 
rugged land not unlike the crater walls in 
appearance. Maria, like many craters, have 
dark floors of solidified lava. 

Maria. In contrast with craters, maria 
are generally far larger and cover thousands 
of hectares of the moon's surface that faces 
the earth. Like many lunar craters, maria 
probably originated in impacts of huge 
bodies from space landing on the moon. A 
mare basin was excavated by a falling 
body. Later this basin became filled with 
lava flows that then hardened to form the 
mare itself. 

Maria are generally level, but often 
have low ridges and domelike elevations. 
Tremendous numbers of smaller craters 
pock the marial surfaces. The ridges resem- 
ble wrinkles and may either be folds in the 
rock or cracks through which lavas have 
flowed. s 

The domes may also be volcanic. (The 
name dome is also given to hills in the up- 
land regions.) The Marius Hills are classic 
domes. They seem to be volcanoes repre- 
senting late activity following the major 
eruptions that produced the rock of the 
mare regions. ; 

The maria are generally dark, in con- 
trast to the surrounding highlands, which 
are brighter in appearance, more rugged, 
and stand higher than maria. : 

Lunar highlands. The lunar highlands, 
or uplands, make up much of the moon’s 
earthward side and almost all of its far side. 
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The reason for this strange topographical 
situation is not certainly known at present 
(although some theories have been ad- 
vanced). The highlands are rough and 
densely pitted, with craters formed in or on 
other craters. 

The greater number of craters in the 
highlands than in the maria seems to indi- 
cate that the highlands have been bombard- 
ed by meteorites or similar bodies a much 
longer time. Therefore, as landforms the 
highlands are probably older than the mar- 
ia. The original lunar crust, if it still exists 
or is exposed anywhere, must be part of the 
highlands. 

Another type of lunar surface feature 
that adds to the ruggedness of the moon's 
face is the aforementioned rills, which may 
cross highlands and maria. They resemble 
cracks or valleys in the moon’s crust. 

Rills. Rills have been the subject of 
speculation since the first telescope sur- 
veyed the moon. Some are straight and look 
like gigantic breaks, or faults. Huge blocks 
of the lunar crust probably have slipped 
down along these faults on one side or the 
other. 

A different sort of rill meanders wildly 
for many kilometers, like the twists and 
turns of a river. This appearance in fact 
suggested that these rills were once river 
valleys at a long-past time when the moon 
supposedly had an atmosphere and water. 
However, none of the lunar rock samples 
analyzed thus far show more than the 
slightest trace of water, if any at all. Ac- 


cording to all currently available evidence, 
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Dr. Harrison H. Schmitt, a 
civilian geologist, made valu- 
able observations of the lu- 
nar landscape during Apollo 
17’s lunar exploration. Here, 
Schmitt is shown Collecting 
rock samples. 
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our moon never had any appreciable 
amount of surface water 

Another possibility is that the sinuous 
rills are channels for the drainage of lava 
from volcanic activity. Still another is that 
they are valleys dug by the fiow of volcanic 
ash, which is a fine-grained material shot 
out in some volcanic eruptions. 

In this survey of the moon's face, We 
have mentioned from time to time the rocks 
and other material of which its features are 
composed. Now that samples of the lunar 
surface have been brought back to earth, 
scientists have been able to determine ac- 
curately the nature of our satellite's rocks 
and the probable composition and structure 
of the moon. 


LUNAR ROCKS AND MINERALS 


Almost everywhere, the surface of the 
moon is covered by layers of dust and lera 
er rock fragments. The exact thickness 0 
these layers is not known everywhere for 
certain, but probably averages at least SeV- 
eral meters. In some areas it may be mue 
deeper. This so-called lunar dust, “soil” oF 
mantle is technically known as the regolith. 

Regolith. The regolith was probà 
formed by several processes. These wou 
include the impact of falling bodies break- 


ing up solid rock; volcanic eruptions 
scatter debris over wide areas; land- 
slides onquakes; and the pulverizing 
effect « ck of intense radiation from the 
sun an om outer space. 

The lunar regolith contains a variety of 
materials: unaltered fragments of the un- 
derlyin :drock; bits of melted rock and 
glasslike globules; volcanic ash; and small 
amounts of meteoritic matter. The glasslike 
substances, especially the spherules, were 


probably produced by the impact of mete- 
orites. The latter, by their fall, shattered 
and melted the moon rock, which solidified 


again, but into glasslike material. 

Much of the regolith consists of so- 
called breccia—a deposit of sharply angular 
rock fragments of large size compacted to- 


gether with various other mineral pieces. 
The regolith generally has a loose consis- 
tency. Here and there the broken material, 
a mixture of native rock and meteoritic ma- 
terial, is cemented together to form a kind 
of compound, secondary rock. 

Some samples of regolith, however, 
are unlike the average. They contain a high 
Proportion of potassium, phosphorus and 
unusual metals known as rare-earth ele- 
ments. Scientists believe that this portion of 
the regolith represents the remains of an 
ancient crust that once covered the moon’s 
Surface about 3,500,000,000 years ago. 
The crust was destroyed later by volcanic 
eruptions and meteorite impacts. 
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In this sample, the yellow and reddish-orange min- 
eral is pyroxene, the black is ilmenite, and the 
whitish-blue is plagioclase (a type of feldspar). 


The regolith covers the bedrock of the 
moon. The bedrock's nature has been in- 
ferred from the larger rock pieces, which 
are fragments of this bedrock. 

Solid lunar rocks. The moon's solid 
rocks and a certain proportion of its rego- 
lith seem to be of igneous origin. Igneous 
rocks are rocks that form directly by the 
solidification of molten rock matter, or 
magma. Scientists have determined that 
most lunar rocks are similar to earthly ig- 
neous rocks called basalts and gabbros. 
Basalts and gabbros are heavy and gener- 
ally dark in color. 

Lunar rocks are also generally heavy 
and dark. They range from fine-grained to 
coarse-grained material. Basalt is very fine- 
ly crystalline, whereas gabbro is relatively 
coarse. The grains may be of equal size or 
varied. The lunar specimens obtained thus 
far are generally vesicular—that is, full of 
cavities. It is believed that these cavities 
were produced by gas that was trapped for 
a while in the rock when the latter was mol- 
ten. The gases then escaped into space 
when the liquid rock poured out onto the 
lunar surface. Basalts and gabbros are rich 
in minerals containing a high proportion of 
metals such as iron, magnesium, aluminum, 


calcium and titanium. 
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Lunar minerals. Elements seldom oc- 
cur native, or free, in earthly and lunar 
rocks. They are often combined into mix- 
tures of natural chemical compounds, or 
minerals. The most common types of min- 
eral compounds are silicates— combina- 
tions of silicon and oxygen on one hand 
with various metallic elements on the 
other—and the oxides—combinations of 
oxygen with various other elements. An 
important oxide is silica, a compound of sil- 
icon and oxygen. Various oxides of iron or 
titanium are also significant. 

The variety of silicate minerals is tre- 
mendous. Their classification depends on 
the kinds of metals they contain and the 
proportion of silicon and oxygen. The sili- 
cates of importance to the subject of this 
article are the feldspars: silicates of potas- 
sium, sodium, aluminum and calcium; and 
the pyroxenes and olivines: silicates of cal- 
cium, magnesium and iron. The olivines are 
lower in silicon-oxygen than the pyroxenes. 

Most of the minerals found in moon 
rocks are much like their earthly counter- 
parts. Several, however, are completely 
unknown on earth. The important minerals 


in lunar rocks are pyroxenes 
spars high in calcium, ilme 
nium oxide), and a volcanic 
(a form of silica) called cris: 
these and others point to a 
that is rich in calcium, ma 
num, iron, titanium and chri 
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water. 
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grained rock called basalt. Magmas that 
cooled more slowly produced coarser- 
grained rock—gabbro. Gabbro is usually 
found in igneous rocks that have been in- 
truded, or pushed, into surrounding older 
rocks, poured out onto the surface of 
the grou 

Geologists have also gained insight 


1 


into the kind of magma that the lunar rocks 
came from. It was probably very fluid, or 
"runny, and may have had a temperature 
as high 1,300? Celsius. It was also a 
"dry" magma, or low in water. This magma 
may form —or once formed —a reservoir of 
liquid inside the moon or may have been 
produced by local melting of lunar rocks at 
some depth underneath the surface. Lunar 
rocks also indicate something about the 
moon's past and present environment, such 
as the presence of an ancient magnetic field 
and the intensity of cosmic rays in the past. 

Lunar environment. The almost non- 
existent water in most rock samples seems 
to show that the moon never had any appre- 


ciable water supply, especially at the sur- 
face.The fact that free iron has been discov- 
ered in a number of rock specimens shows 
that atmospheric oxygen and water have 
scarcely been present on the moon. Iron is 
speedily attacked by any water and oxygen 
to form hematite (rust) and other minerals. 
A number of lunar rocks show evi- 
dence of shock or impact. They have been 
struck repeatedly by bodies, probably from 
space, so that parts of the moon rock melted 
and then solidified into glasslike matter. 
Some of the solid-rock and regolith 
Specimens were found to contain gases of 
various kinds. These gases probably came 
from two chief sources: radioactive decay 
of certain mineral elements, such as urani- 
um and thorium; and radiation particles 
from outer space. In the latter case, the 
particles penetrated the lunar surface and 
became trapped there. In effect, these parti- 
cles are bits of matter and energy from the 
Sun and stars and not parts of the moon. 
Densities and distributions of moon 
rocks. Some of the maria each have a mass 
concentration (“mascon”) of dense matter 
under the surface. Mascons were detected 
by the fact that vehicles orbiting the moon 
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A photomicrograph of a thin section of lunar rock, 
for use in mineral identification. 


are pulled slightly down toward those mar- 
ia. Scientists are still unable to explain what 
mascons are, although they have some the- 
ories. Under a number of craters, on the 
other hand, the rock densities are less than 
in the surrounding land. Vehicles flying 
over these craters rise slightly higher in 
their orbits. 

Astronauts have explored lunar moun- 
tains and maria. They have found highland 
rocks lying in the maria. The rocks were 
thrown there by the impact of huge meteor- 
ites landing in the highlands. These rock 
specimens are quite unlike the mare rocks 
in composition and, in fact, markedly re- 
semble certain strange rocks found on earth 
in different areas. 

These unusual earth rocks, and their 
lunar counterparts, are called anorthosites, 
because they consist almost entirely of a 
calcium-rich feldspar called anorthite. Other 
minerals and their elements are present in 
smaller amounts, most notably ilmenite 
(titanium-iron oxide) and minerals contain- 
ing chromium and aluminum. Anorthosite 
is chemically related to gabbro. On earth, 
there are a variety of anorthosites widely 
scattered in the crust. 

All known earthly anorthosites are 
very old. The oldest known at present is 
well over 3,000,000,000 years in age, 
which is comparable with the ages of moon 
rocks. Anorthosites are less dense than 
basalts and gabbros. The parent magma of 
anorthosite must have been very hot and 
fluid. : 

These facts suggest some kind of simi- 
larity between the moon's history and the 
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earth’s early development. Is it possible 
that the earth’s original crust was anortho- 
sitic? Did anorthosite at one time form the 
continental masses of the earth instead of 
granite? If so, the anorthosites on earth 
have largely disappeared, being replaced or 
swallowed up by later outpourings of basalt 
and granite. 

s in the lunar highlands are dif- 
ferent from the rocks of the maria. They 
contain far more minerals and are also un- 
like the lowland material in composition. 
The structure of the rocks in the mountains 
is very complex. They consist of old brec- 
cias composed of still earlier clumps of rock 
fragments. Evidently they underwent a 
complicated development. Whether the 
rocks gathered by Apollo astronauts in the 
highlands are typical of all rock in the lunar 
mountains remains to be seen. 


AGE OF THE MOON 


In general, the surface features of the 
moon and its rocks are very old, on the or- 
der of several thousand million years. How 
such figures for dates of rocks and geologic 
formations are derived is very interesting. 

First, geologists are concerned with 
the relative ages of features; that is, which 
is older or younger than which. In general, 
the older a rock or landform, the more worn 
or eroded it tends to be. It may also be 
chemically and physically altered. Younger 
rocks and features tend to overlie the older 
ones, but this is not always the case. For 
example, a mass of molten rock may shove 
its way up from below into older rocks and 
$0 come to lie beneath them. The study of 
the sequences of rock layers, or strata, as 
well as of other kinds of rock masses, 1S 
known as stratigraphy. s 

Second, geologists want to determine 
the absolute age of a rock, in terms of 
years. This is usually done by chemical and 
radioactivity measurements of the types of 
elements in the rock. 

The amount of time that a rock, regard- 
less of its exact age, has been exposed to 
radiation, especially from the sun or from 
outer space, can also be determined from 
its chemical composition and radioactivity. 
In this way, scientists have found out how 


long meteorites and surface moon rocks 
have been exposed to the conditions of 
space. This isa valuable clue to their history. 

Dating lunar rocks. By earth standards, 
lunar rocks are very old. The youngest 
known rocks of the moon are well over 
3,000,000,000 years in age. Other rocks are 
more than 4,000,000,000 years old. The 
lavas of Mare Tranquillitatis crystallized 
about 3,700,000,000 years ago; those of 
Oceanus Procellarum, a few hundred mil- 
lion years later. Mare Imbrium was formed 
around 3,900,000,000 years back and is 
thus one of the oldest lunar features. 

Strange to say, the small fragments of 
the regolith proper are actually older than 
the supposed underlying solid rock of the 
maria explored thus far. They range up to 
4,600,000,000 years in age. Here then is a 
kind of "reversed" stratigraphic sequence 
where overlying deposits are older than the 
lower ones. The regolith at the Apollo sites 
has been lying on the lunar surface, ex- 
posed to solar and space radiation, for peri- 
ods of a million to several hundred million 
years. 

This stratigraphic problem of the lunar 
crust is a puzzling one that has led geolo- 
gists to consider a number of new theories 
in order to explain it. 

Lunar stratigraphy. To summarize the 
situation on the moon's surface, we have 
the presumed solid rock of the moon's crust 
at some depth below the regolith. At least 
part of the latter must have been derived 
from the bedrock, by meteorite impact, ra- 
diation and other erosional forces. 

To explain why the regolith generally 
is older than the bedrock, geologists have 
considered several alternative theories. 
One is that the regolith at any point on the 
surface is a representative mixture of 
pieces of the lunar crust as à whole. Frag- 
ments from wide areas of the moon, includ- 
ing the very ancient highlands, may have 
been scattered all over for vast distances by 
large and continual meteorite impacts and 
volcanic eruptions. Thus the age of the reg- 
olith at any one place may represent the 
age of the lunar crust as a whole. Another 
possibility is that the bedrock was pushed 
as a magma up into the already existing 
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regolith, which is thus older than the 
bedrock. 

It is obvious that the age of the moon’s 
rocks as a whole is very great, and the 
moon as a body is probably older still— 
perhaps 5,000,000,000 years. The oldest 
rocks discovered so far on earth are about 
3,500,000,000 years or so in age. This 
does not necessarily mean that the earth is 
younger than the moon: simply perhaps 
that the earth's oldest rocks have not yet 
been found, have not survived, or have 
been altered beyond accurate measure- 
ment. 

Let us now combine these various jig- 
sawpuzzle pieces of knowledge — topogra- 
phy, rocks and ages—into some kind of 
comprehensive picture of the moon's prob- 
able evolutionary history. 


EVOLUTION OF THE MOON 


Formation of the moon. The moon's 
development of course began with its for- 
mation, about which even at present there 
is little agreement among scientists. The 
chief theories hold that the moon was born 
from the earth at some early or perhaps rel- 
atively late stage in the latter's history; or 
that the moon and earth developed inde- 
pendently from generally the same materi- 
als at the time the entire solar system origi- 
nated; or that the moon was captured by 
the earth when the former was already in 
existence. In these theories the earth and 
the moon may be of the same age or either 
one younger than the other. 

A theory popular at one time said that 
the moon split off from the earth, which was 
once more massive than now. George Dar- 
win, a nineteenth-century scientist, specu- 
lated that this occurred when the early 
earth was molten. The idea has been revived 
recently by some authorities, 

A widely favored theory today is that 
the moon formed from the same cloud of 
gas and dust as the earth. This happened at 
the same time or probably later than the 
formation of the earth. Despite the fact that 
so much iron occurs in the surface rocks of 
the moon, the overall density of the moon is 
low compared with that of the earth —about 
60 per cent of the latter's. In other words, 
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much of the moon below its surface must 
be considerably less dense than the crustal 
rocks. This may be accounted for by con- 
sidering the moon as a whole to be deficient 
in iron. The earth, on the other hand, is 
thought to have a heavy metallic core at its 


center that is very high in iron. This situa- 
tion accounts for the earth's greater den- 
sity, although many of its crustal rocks are 


not so rich in iron as th« 
moon rocks. 


orresponding 


To explain this theory, a number of 
scientists believe that the moon formed af- 
ter the earth's iron core developed. One 
way in which this could have happened is 
that heated silicate minerals evaporated 
from the intensely hot early earth. These 
minerals actually formed clouds or rings of 
sediment, or rock matter, hanging in the 
thick atmosphere of our world at that peri- 


od. The moon formed by the condensation 
and accumulation of these clouds. : 
Early growth of the moon. During or 
shortly after the moon's genesis, by what- 
ever process, the moon probably became 
very hot. This condition was caused by the 
compression of materials forming the moon, 
by heat produced in the radioactive decay 


Astronaut Edwin Aldrin taking a sample of regolith. 
The Apollo 11 mission collected a quantity of lunar 
rocks and soil for study. This was the first real piece 
of lunar geological research 
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of short-lived radioactive elements and by 
heat from other sources. The high tempera- 
tures may have caused extensive melting 
and remelting of lunar rocks, enough so that 
different kinds of igneous rock were able to 
develop. This may account for the possible 
difference between basaltic plains (maria) 


and anorthositic, or possibly even granitic, 
highlands 
While all this was going on, a great 


odies called planetesimals from 
into the moon, contributing their 
ments and forming the oldest or 
ery old craters, in the highland 
areas and on the far side. The infall of these 
bodies was the last stage of the moon’s first 
growth period. 
Second stage of moon growth. During 


this time, several bodies, something like 
asteroids or small moons, were growing in 
the neighborhood of the moon. These were 


swept up by the moon, which thus suffered 


catastrophic impacts, impacts that formed 
the basins later occupied by the circular 
maria: Serenitatis, Crisium, Humorum, Im- 


brium, Orientalis, and others. These tre- 
mendous impacts caused some melting of 
the lunar rocks, but did not really produce 
the large-scale lava outpourings that actu- 
ally filled the basins and so formed the maria 
afterward. Many impact craters, such as 
Archimedes and Plato, were formed after 
the "excavation" of the mare basins, but 
before these basins filled up. 

Still more geologic features arose be- 
fore the mare lava flows. Volcanic activity 
in the lunar highlands (or in what are now 
the highlands) filled craters such as Ptole- 
maeus and Alphonsus with lava and ash. 
This material resembles the later mare la- 
vas and ash, but is more cratered because 
of its greater age. The highland lavas are 
also more glassy because of the larger 
number of impacts causing remelting that 
they have undergone. à 

We now come to an event in lunar his- 
tory that has actually been dated by man: 
the lava eruptions that produced Mare 
Tranquillitatis, where the landing site O 
Apollo 11 is located. This igneous activity 
took place 3,700,000,000 years ago, which 
is the time since the crystallization of 


the mare rocks from the the lava there. This 
was probably accompanied by similar flows 
in other mare basins, which were thus filled. 
Other maria were probably formed at later 
times. Renewed lava eruptions from time to 
time covered earlier flows. We can see 
areas like this in Mare Serenitatis, where 
the younger lavas are conspicuously darker 
than older lava flows. 

Latest period of lunar history. By 
about 3,000,000,000 years ago, the moon's 
face attained essentially its modern appear- 
ance. However, lunar geologic evolution 
continued in the form of occasional local 
volcanic activity in the maria and the lunar 
highlands. The volcanoes of the Marius 
Hills are from this relatively late period, as 
well as the chain craters, sinuous rills and 
darker highland regions. 

The most spectacular events of this 
time, however, were the impacts that pro- 
duced the giant craters, such as Coperni- 
cus. The agents were probably huge mete- 
orites or comets moving at terrific speeds. 
As such a body smashed into the lunar sur- 
face, it threw up a huge cloud of debris, 
from which long streamers shot out in all 
directions for hundreds of kilometers. AS 
the streamer materials settled on the sur- 
face, they formed the ray systems of craters 
such as Copernicus, Aristarchus, Tycho 
and others. The strange red spots that have 
been seen in Aristarchus may be volcanic 
activity still lingering after the initial impact 
so many years ago. n 

In the meantime, a slow, uneven rain 
of minor meteoritic material keeps falling 
onto the moon. Their impacts have been 
recorded by the seismometer (quake detec- 
tor) left in Oceanus Procellarum as occa- 
sional “events.” The result of this rain has 
been the countless small and even micro- 
scopic craters that riddle the moon’s rocks 
and mantle. The mantle, or regolith, of 
course, itself is the result of this process in 

art. 
Puch has been learned about the 
moon in only a few years. But discoveries 
bring new mysteries. That scarred globe, 
the moon, which has circled earth for so 
many ages, will be the target of investiga- 
tion for years to come. 
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LIFE ON OTHER WORLDS 


by Richard S. Young 


“Two large dark-colored eyes were 
regarding me steadfastly. The mass that 
framed them, the head of the thing, was 
rounded, and had, one might say, a face. 
There was a mouth under the eyes, the lip- 
less brim of which quivered and panted, 
and dropped saliva.” 

Thus did the noted English writer H. G. 
Wells describe a Martian in his famous 
novel The War of the Worlds, published in 
1898. He told how the Martian invaders of 
the earth, octopuslike monsters with an in- 
telligence far beyond man’s, nearly de- 
stroyed human civilization. 

Wells’ story, however fanciful, still 
reflects the thinking of many people about 
possible living beings on other worlds. Man 
has long regarded the stars, sun, moon and 
planets as the homes of gods and demons. 
In countless myths, man is either the victim 
of these creatures or is helped and civilized 
by them. In some tales, the extraterrestrial 
(nonearthy) beings are fully human, at least 
physically. These themes have survived in 
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present-day science fiction and fantastic 
stories, including many flying-saucer re- 
ports. Many people believe that well-de- 
veloped life exists somewhere in the uni- 
verse besides here on earth. They believe 
that some of these possible living forms 
may be as intelligent as man, if not more s 
At the opposite extreme, many peop g 
including a number of scientists, look upa 
worlds beyond the earth as lifeless. on 
best, these worlds are thought to have only 
the lowest forms of life, such as bac 
algae and lichens. These ideas are mor 
correct than the others, at least in regard to 
our solar system. 3 
The Boch of biology that deals M 
the possibility of life on other words 
called exobiology. It literally means bio! s 
gy outside [of the earth]." Exobiology des 
in addition with the fundamental que É 
of the origin of life. In this article, we ore 
ine the prospects for life beyond the ea d 
and describe some of man's attempts 4 
communicate with extraterrestrial civiliza 


tions. First, however, let us consider the 
chemical foundations of life and how it may 
arise on a planet. 


THE CHEMISTRY OF LIFE 


The o 
the kind 


nly life we know of at present is 
ıt exists on the earth. This life is 
extremely varied and includes bacteria and 
protozoa, which are so small that they can 
rarely be seen without a microscope; mil- 
lions of species of insects; giant sequoia 
trees, and whales; and, finally, man him- 
self. The bodies of all these organisms are 
composed of chemical elements. Relatively 
few elements are found in living matter: 
carbon, hydrogen, oxygen, nitrogen, sulfur, 
phosph and some others, including cer- 
tain metals. These elements are usually 
combined into biological compounds, or 
biochemicals. A number of biochemicals, 
such as proteins, contain all or most of the 
elements listed above. Other life-related 
molecules, such as water and carbon diox- 
ide, contain only a few of these elements. 
Most biochemicals are organic compounds; 
that is, they contain carbon. Because So 
many biochemicals contain carbon, life on 
earth is said to be carbon-based. 

There are three major reasons why 
exobiologists usually limit their work to 
carbon-based biochemical systems. First, 


these systems represent the only forms of 
life with which we are familiar. Second, as- 
tronomers have detected simple, earth-type 
organic compounds in outer space. This 
discovery has led many exobiologists to 
conclude that the chemical building blocks 
of life are the same everywhere in the uni- 
verse. Third, these chemicals become part 
of planets when planets first form from the 
elements in a nebula, or cloud of dust and 
gas in space. The elements are present in 
proportion to their abundances in space: 
hydrogen, helium, carbon, oxygen, nitrogen 
and so on, with a huge excess of hydrogen. 
In the atmosphere of a primitive planet, 
compounds such as methane, water and 
ammonia have been formed from many of 
the elements. 


MATTER IN OUTER SPACE 


Outer space contains a variety of mat- 
ter, ranging in size from subatomic particles 
to cosmic dust and larger bodies. But by 
earth standards, outer space is a vacuum. 
Its average density of matter is very low, 
perhaps as low as one molecule per cubic 
centimeter. In comparison, the atmosphere 
of the earth is millions of times denser. 

Like all matter, cosmic matter exists in 
various states of energy. Therefore it emits 
different wavelengths of electromagnetic 


A large radio telescope: this type of 
instrument receives natural radio 
waves emitted by cosmic matter and 
other bodies in outer space. Radio 
telescopes are also being used to try 
to detect possible electronic mes- 
sages or signals from advanced civi- 
lizations that could exist elsewhere 
in the universe. 


Notional Radio Astronomy Observatory 
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radiation. If the electromagnetic waves are 
in the radio range of frequencies, they can 
be received by radio telescopes on earth. 
Scientists analyze these waves to identify 
the chemical nature of the atoms and mole- 
cules that emitted them. 

Among these cosmic molecules, 
scientists have already identified a number 
of chemicals that are related to life on earth. 
That is, they are identical to elements and 
compounds that are part of living systems, 
that help life to exist or that are produced 
by organisms. The substances discovered in 
Space include water, ammonia, methane, 
formaldehyde, cyanogen, hydrogen and 
methyl alcohol. These compounds, except 
for ammonia and water (and excluding the 
element hydrogen), all contain carbon. 

How did these chemicals originate? 
Most scientists believe that these sub- 
Stances are of inorganic, or nonliving, 
origin. That is, the biological chemicals 
evolved from nonliving chemical Systems. 
This theory is called the chemical evolution 
of life. It is closely related to the origin and 
development of planets and the origin of 
life, in that it seems to be the same kind of 
chemistry believed to have Occurred in the 
early history of a planet, preceding the ap- 
pearance of life there. The question in some 
scientists' minds is whether these biological 


compounds do lead to the formation of liv- 
ing things. 


CHANGING CHEMISTRY OF PLANETS 


Chemical evolution begins even before 
the appearance of stars and planets in a par- 
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ticular part of space. Simple o: ganic com- 
pounds are formed from elements in the 
cosmic matter. Slowly, cosmic matter of all 
kinds comes together to form stars and plan- 
ets. As this happens, many of the organic 
compounds become part of the planets. 
Thus, at this early stage of dev elopment, 
the planets have a composition much like 


that of the space matter from which they 
formed. Later the chemistry of the planets 
changes as they develop through the ages. 

Many scientists believe that a typical 
early planet, just after its formation, has an 
atmosphere with large amounts of hydro- 
gen, methane, ammonia and possibly water 
vapor and oxygen. If it is distant from the 
star (sun) around which it revolves, the 
planet is cold. Therefore, much of its atmo- 
spheric gases may be condensed into clouds 
of droplets or snow; some gases may even 
be frozen in layers on the surface of the 
planet. Our solar system's large outer plan- 
ets—Jupiter, Saturn, Uranus and Nep- 
tune—exist under such conditions. Many 
Scientists are convinced that such plane 
contain, and are still producing, biologica 
chemicals. 

In comparison, the earth's atmosphere 
is rich in nitrogen and oxygen. It suppor 
life very well, as we know. Did our eart 
once resemble Jupiter or Saturn? A m 
ber of scientists believe it did. Abou 
4,000,000,000 to 5,000,000,000 years ago: 
they say, the earth had a hydrogen-ammo- 
nia-methane atmosphere in which living 
Systems eventually developed. Other "e 
thorities disagree: they think that at leas 


oxygen was also present in the 
‘ly atmosphere. 
planets start with atmospheres of 
hydrogen, methane and ammonia, does this 
always mean that biochemical compounds 
will form? Do these compounds always 
lead to the development of life on a planet? 
Experiments in the laboratory have given 
ie tentative answers to questions 
such as these. 


CHEMICAL EXPERIMENTS 


A Russian biochemist, Alexander I. 
Oparin, suggested in the 1920's that organ- 
ic compounds could originate in a planetary 
atmosphere of hydrogen, methane and 
ammonia. This event could take place 
spontaneously if enough energy is present. 

Beginning in the 1950's, scientists car- 
ried out experiments that confirmed Opa- 
rin's theory. They prepared various miX- 
tures of hydrogen, methane, ammonia, 
wator vapor and other gases. (A mixture 
did not necessarily contain all these sub- 
stances.) The mixtures were then subjected 
to various quantities of radiation, heat, and/ 
or electrical energy. 

_ As a result, the experimenters ob- 
tained a surprising number of simple organ- 
ic and biological compounds including ami- 
no acids, which are the building blocks of 
Proteins. Some scientists also obtaine 
chemicals that are contained in nucleic 
acids (DNA and RNA), the chief regula- 
tors of activities in living cells. 

. Some investigators even produced 
simple proteinlike molecules called protein- 


Formation of proteinlike matter B 

(proteinoids) into spheres (micro- 

spheres) superficially resembling 

living cells. Photos on preceding 

page: left, microspheres (A) form- 

ing buds (B); right, buds released 

from parent spheres by heat. 

B Photos on this page: left, additional A 
proteinoid matter (A) collects on 

buds (B), forming new spheres; 

right, new microspheres (B), 

produced from bud (A), puts out 

a new bud (C) in turn. 


oids. These proteinoids were organized into 
tiny globules, or microspheres. Micro- 
spheres resemble certain simple bacteria 
and carry out some functions of living cells. 
None of the experimenters claim that pro- 
teinoids and microspheres are alive. How- 
ever, they think these structures could 
evolve into living matter (protoplasm) and 
cells, given enough time and the right envi- 
ronmental conditions. 

In summary, visualize the earth, 
4,000,000,000 to 5,000,000,000 years ago, 
as a planet shrouded in a cloudy atmosphere 
of ammonia, methane, hydrogen, water 
vapor and possibly other gases, including 
oxygen. As energy from the sun and per- 
haps from the earth itself acted on the at- 
mosphere, more organic and biological 
compounds were produced. 

Gradually these compounds fell from 
the atmosphere onto the earth's surface, 
where they formed lakes or ponds of thick, 
organic-chemical "soup." The synthesis of 
compounds probably continued here. 
Eventually, over a period of millions of 
years, the biochemicals developed into liv- 
ing cells. 

More recently, some 3,000,000,000 
to 4,000,000,000 years ago, the earth's 
atmosphere began to change; it became rich 
in nitrogen and oxygen. Some scientists 
relate this change to the rise of green plants, 
which released oxygen into the air. They 
also think that the present complex life of 
the earth could only have evolved in an 
oxygenated environment, although certain 
types of bacteria are known to exist In an 
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anerobic, or oxygen-lacking, condition. In 
contrast, authorities do not think that bio- 
chemicals can develop from inorganic mat- 
ter in the kind of oxygen-rich environment 
prevailing on the earth today —at least not 
on a scale as great as that 4,000,000,000 
to 5,000,000,000 years ago. 


ORGANIC MATTER IN METEORITES 


Meteorites, because they are pieces of 
matter from outer space, have long been of 
interest to exobiologists. Here, too, contro- 
versy has raged. Carbon-bearing chemicals, 
detected in a few meteorites, were usually 
dismissed as earthly contamination. Pecu- 
liar structures resembling earthly microor- 
ganioms such as bacteria and algae were 
also observed in some meteorites. Many 
scientists felt that these structures were 
entirely inorganic features, But other au- 
thorities accepted most of these findings as 
suggestive of nonearthly life. 

The argument has been settled to some 
extent by scientists of the National Aero- 
hautics and Space Administration (NASA) 
in the United States, They analyzed two 
meteorites with sensitive space-age instru- 
ments. Each of the stones — one that fell in 
Kentucky and the other in Australia— 
yielded 18 amino acids, plus other com- 
pounds of biological significance. Many of 
the amino acids are found in living systems 


PLANETS FIT FOR LIFE 


What are the chances that chemical 
evolution will lead to life on a planet? How 
many planets in the universe are suitable 
homes for living things? Astronomers esti- 
mate that there are 10" (1 followed by 20 
zeros) stars in the universe. Most of these 
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Scientist at the Ames Research Center displays a 
meteorite in which extraterrestrial amino acids, tha 
building blocks of proteins, were found. 


stars probably have planets circling them, 
just as our sun does. (So far, we have been 
unable to see any planets outside our solar 
system.) Astonomers estimate that life 
could have arisen on some 100,000,000,000 
planets. Of these, many resemble the i 
and could support the kind of life with which 
we are familiar. 

We know that life is very adaptable. 
Nearly every place on earth is the home of 
some organism. Certain bacteria and 
survive temperatures close to the 
point of water; others endure tempe: 
far below freezing. Therefore planets 
think hostile to life may harbor living thing® 
of some kind, no matter how simple. 

Discovering life of any sort on other 
worlds would do more than satisfy our cuf- 
osity. It would also shed light on the evolu 
tion of the earth and of the organisms 
inhabit the earth. If planets and life systems 
are forming now in other parts of the unh 
verse, many of them may be at a stage than 
the earth passed through several t 


L 
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of millions of years ago. Other planets and 
life systems may be older than the earth; 
these could show us what our future may be. 


As we develop the ability and instru- 
ments to investigate other planets closely, 
we will obtain important clues to the earth's 
past and future, Even lifeless worlds may 
tell us something. If, for example, an other- 
wise carthlike planet is found to be barren 


of life, i: would cast serious doubt on pres- 
ent theories of the chemical origin and ev. 
olution of life. 

At present, we have direct knowledge 
only of planets in our own solar system. 
These have been studied closely for well 
over thce centuries, since the invention of 


the telescope. The surfaces of Venus and 
Mars have also been in 
of unmanned space probes. type of ex 
ploration is continuing and may be ex 
tended to other planets, Will scientists 
discove: life on any of them? 


MERCURY AND VENUS AS HABITATS 


Mc:cury, the planet nearest the sun, is 
some hat larger than our moon. 
moon, i! has little or no atmosphere. This 
fact, plus the very high Morem 
cially on the daylight side Mercury. ras 
out the existence of appris iable water and 
organic molecules, As far as 
are concerned, Mercury is not a highprior 
ity object for study. n 
Venus, the second planet from 
is of greater interest, In size and density, it 
is very similar to the earth. But, because it 
is closer to the sun, is hotter than our 
planet. Storywriters 
once pictured Venus as à 
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These conditions make Mars an un- 
likely habitat for life as we know it. But 
exobiologists think that some forms of life 
may exist there. Several factors support 
this possibility. For example, ultraviolet 
radiation is easily blocked by physical bar- 
riers. Oxygen, nitrogen, and water may be 
present in amounts just sufficient to support 
hardy organisms such as bacteria, molds, 
and lichens. The presence of a layer of 
permanently frozen water, or permafrost, 
in the subsurface soil seems possible. This 
ice may melt locally from time to time, thus 
providing water for living things. Nitrogen 
may exist in small quantities in the atmo- 
sphere; in the soil there may be chemical 
salts containing nitrogen. 

Exobiologists also base expectations 
of Martian life on certain laboratory experi- 
ments. They have subjected bacteria, algae, 
molds, lichens, some higher plants, and in- 
sects to artificial Martian environments. A 
surprising number of these organisms sur- 
vived; certain bacteria and molds even did 
well under the harsh conditions as long as 
water was present. 

Other experimenters have produced 

carbon compounds under simulated Mar- 
tian conditions. Mixtures of carbon monox- 
ide, carbon dioxide, and water vapor in ster- 
ile soil or powdered glass were exposed to 
ultraviolet radiation. Several more-complex 
carbon-containing compounds resulted, 
compounds known to be involved in the 
formation of still-more-complex biological 
compounds. This experiment demonstrates 
that methane-ammonia-hydrogen atmo- 
spheres are not always necessary for the 
chemical evolution of life. 
, But exobiologists consider such exper- 
iments with caution. It is impossible to du- 
plicate Martian conditions exactly. Also, 
the test organisms in the exobiological ex- 
periments were given enough water and 
oxygen on which to survive, 

The two Viking probes did answer sev- 
eral important questions. The Martian soil 
samples contained no organic matter, not 
even trace elements of carbon from mete- 
orites that must have impacted on the 
planet. Although no life-forms were discov- 
ered, sensitive instruments detected an un- 
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usual chemistry that simulated several life- 
like reactions, including the breakdown of 
certain nutrient chemicals and the synthe- 
sis of organic compounds from gases. 


OUTER PLANETS AND LIFE 


For many years Jupiter, Saturn, Ura- 
nus, and Neptune have not been considered 
to be suitable homes for life. If we examine 
the facts about these planets. this attitude is 
not surprising. 


Because of their great distances from 
the sun, the outer planets are extremely 
cold. Astronomers are not certain that all 


the outer planets have solid bodies. In 


spite of their immense sizes and masses, 
Jupiter, Saturn, Uranus, and Neptune are 
less dense than the earth present, the 
solid core of an outer planet may be small 
compared with the entire volume. It would 
probably consist of liquid and frozen gases, 


metals, and perhaps rock : 
You can see why scientists found it 
difficult to visualize the existence of life on 
the outer planets. But today, for several 
reasons, exobiologists are changing their 
views. First, they now know that ammonia- 
methane-hydrogen atmospheres can be 
breeding places for biochemicals and thus 
of great importance to chemical evolution. 
Moreover, the outer planets are not always 
as cold as astronomers once thought. In- 
strumental studies of these worlds show 
that some of their cloud layers may be 
comparatively mild in temperature. 
Jupiter has particularly been singled 
out for attention. It may have an internal 
source of heat energy that makes it warmer 
than it would be if heated by the sun alone. 
Its many-colored cloud coat may contain à 
large variety of organic compounds. Labo- 
ratory experiments have shown that organic 
and biologic compounds may well be n 
production in the atmosphere of Jupiter 
today. During Pioneer 10's historic fiyby, 
earlier reports that Jupiter is a liquid plane 
were confirmed. Violent lightning flashes 
also were detected in Jupiter's clouds. 
Pluto, the outermost planet of our solar 
System, is of little exobiological interest. 
Very little is known about it. It seems to 
a small, solid body, intensely cold becaus 


of its vast distance from the sun. Any atmo- 
sphere it could have would be permanently 
frozen. 

Other solar system bodies may be of 
exobiological importance. We have already 
discussed meteorites. Asteroids, which 
probably are an important source of mete- 


orites, may contain organic chemicals. 
Comets are also of great interest, and spec- 
troscopic studies have already revealed 


carbon-bearing molecules in comets. 
EXOBIOLOGICAL EXPLORATION 


Exobiological knowledge of the plan- 
ets and possibly other bodies in our solar 
system will increase as more spacecraft 


carry scientific instruments and men into 
space. Unmanned space probes have al- 
ready flown past, orbited, and landed on 
Mars and Venus. These craft, however, 
were not designed, and otherwise failed, to 
detect the presence of living things on these 
two planets. Nor has any trace, past or pres- 
ent, of life on the moon been unmistakably 
found. 

Future spacecraft that will land on 
Venus and especially Mars will carry in- 
struments that should be able to identify 
biological chemicals and possible life- 
forms. Other craft have been sent toward 
Mercury and also the outer planets. The 
Jupiter probe, Voyager 2, is expected to 
pass close enough to Uranus in January 
1986 and to Neptune in 1989 to gather and 
transmit back to earth a great deal of im- 
portant information about these outer 
planets. 


CIVILIZATIONS IN OUTER SPACE 


It would indeed be a triumph to find 
any sort of life on another planet. But it 
would be even more exciting to discover 
intelligent life. How would one go about 
contacting intelligent beings on other 
worlds? The idea of communicating with 
creatures on other planets arose when man 
first realized that the planets are distinct 
worlds in space. Early telescopic astrono- 
mers possessed very little knowledge of con- 
ditions on the different planets of the solar 
System. They therefore imagined that these 
planets were inhabited by intelligent beings. 


The astronomers reasoned that these 
creatures would wish to communicate with 
us once they found out that the earth, too, 
was the home of intelligent life. 

Schemes of interplanetary communica- 
tion were proposed from time to time. All 
of them involved the use of huge letters, 
symbols, numbers, or geometric figures that 
supposedly could be seen from the worlds 
nearest the earth: Mars, Venus, and the 
moon. For example, one man planned to 
have long ditches dug into the earth in the 
form of different signs. The ditches were 
then to be filled with flammable oil and set 
afire. Presumably, intelligent observers on 
neighboring planets would notice the fiery 
message and thus learn that the earth was 
civilized. 

Such ideas were too impractical, and 
few persons took them seriously. Further- 
more, the effort would have been wasted, 
for we now know that intelligent life proba- 
bly does not exist in our solar system ex- 
cept on the earth. 

With the advent of radio at the end of 
the 19th century, the idea of sending elec- 
tronic messages or signals to other planets 
gained ground. Into the 1920’s, signals 
were beamed into space. Occasionally, a 
radio operator claimed that he had received 
signals that could not have been generated 
by earthly stations. But most of these 
"messages" were probably caused by 
faulty equipment or by the electrical activ- 
ities of the atmosphere. Others may have 
been radio waves from outer space. The 
existence of cosmic radio waves was 
proved in 1938. But to the best of our 
knowledge, these waves are of natural ori- 
gin. (As we mentioned earlier, radio astron- 
omers regularly tune in such cosmic waves 
to study the nature of the heavenly bodies 
that emit them.) 

In the late 1960's, the world was aston- 
ished by news that electromagnetic pulses 
of extraordinary regularity were being 
received from certain locations in outer 
space. Newspapers and magazines pub- 
lished theories about cosmic superciviliza- 
tions that were broadcasting messages, Or 
about alien spaceships that were being 
guided by space beacons. But astronomers 
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soon learned that the signals are natural; 
they are being emitted by unusual stars 
called pulsars. 

Such pulses are just one instance of the 
many kinds of electromagnetic radiation in 
space. The radiation ranges from ultrashort 
gamma rays to very long radio waves. The 
task of sorting through all these wave- 
lengths to find an intelligible message would 
be very difficult. Authorities suggest tuning 
in the wavelength emitted by hydrogen 
molecules (21 centimeters), which is the 
most common of the cosmic radio waves. 
This universal wavelength could be utilized 
by a civilization to send messages through 
space. But other wavelengths could serve 
just as easily. 

Radio waves and other forms of elec- 
tromagnetic radiation, such as light, move 
through a vacuum at approximately 300,000 
kilometers per second. At this speed, the 
radiation will travel nearly 9.6 trillion 
kilometers in one year. This distance is 
called a light-year. To us on earth this 
seems an impossible distance. Nothing can 
be so far away! But the Star nearest our 
solar system, Alpha Centauri, is 4.4 light- 
years from us. Thus, if we sent a radio mes- 
sage to a planet circling Alpha Centauri, it 
would take about 4.4 years to reach its des- 
tination. An answer would take at least that 
long to reach us. Thus, two-way communi- 
cation between earth and an Alpha Cen- 
tauri planet would involve nearly nine 
years for a single exchange of messages! 
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A model of ihe Viking space- 


craft in simulated flight. Two of 
these probes have orbited and 
landed on ^ à, taking many 
photographs of the planet's sur- 
atmospheric 
1g up and ana- 
es for possible 

indications o 

NASA 

Many stars and their planets are mil- 
lions or billions of light-y from the 
earth. Therefore, two-way nmunication 
with any intelligent beings on those worlds 


is impossible. By the time a message 


reaches us from one of these distant civili- 
zations, the civilization n long since 
have passed out of existence it simply to 
receive an intelligible message or signal 
from outer space would exciting. It 
would prove that intelligent beings do exist, 
or existed, somewhere else in the universe. 


ARE WE ALONE? 


The search for extraterrestrial intelli- 
gence (SETI) has been compared to finding 
a needle in the ‘‘cosmic haystack.” In spite 
of the enormous difficulties involved, scr 
entists have attempted to listen for v 
gent signals from outer space. In 1960- 
Dr. Frank Drake, at the National Radio n 
tronomy Observatory at Green Bank, ke 
Virginia, used a radio telescope for a 
purpose. He directed the telescope S it 
meter antenna at two nearby stars that em 
radio waves. This experiment was ber 
Project Ozma. Dr. Drake failed to ime 
any intelligent patterns in the radio no! 
he received from these stars. jet 

Similar experiments in the Sov 
Union had no conclusive results. P 
time, one investigator detected signals e he 
ing with some regularity from a part o by 
sky. But this event was not confirmed 
other radio astronomers. 


Scientists, however, did not give up 
hope. Since the end of Project Ozma, more 
than 20 radio-telescope searches have been 
conducted, mostly in the United States and 


the Sovict Union. A study named Project 


Cyclops was undertaken by the Ames Re- 
search Center of NASA and by Stanford 
Univer Its purpose was to determine 


the possibilities of receiving messages from 


outer space. Project Cyclops suggested es- 
tablishing a vast array of radio telescopes: 
up to 10,000 dish-shaped radio-telescope 
antenn each 30 meters in diameter, 
would be spread over an area 16 to 32 kilo- 
meters wide. 


Such an array would be able to detect 


radio and microwave leakages from plane- 
tary civilizations as much as 100 light-years 
from earth. Leakage results when some of 
the waves used for radio, television, and 
radar escape from a planet into outer space. 
This leakage may travel many light-years. 
Similar s escape from the earth daily; 
it is possible that some distant civilization is 
even now tuning in the earth’s electronic 


leakag 
ugh NASA supported the SETI 
concept, federal funding became a serious 
problem in the United States. Senate action 
in 1981 withdrew financial support for 
NASA's involvement in the SETI effort. 
In December 1981, however, a SETI con- 


Photo of Jupiter taken dur- 
ing Pioneer flyby of the plan- 
et. Exobiologists think that 
Jupiter's methane-ammonia- 
hydrogen atmosphere could 
Possibly be producing bio- 
logical chemicals. 


ference in Tallinn, U.S.S.R., enabled world 
scientists to establish plans for an interna- 
tional approach to the search for life in 
space. A further step in encouraging the 
search was taken in August 1982, when the 
members of the International Astronomical 
Union voted to create a commission on the 
search for extraterrestrial life. 

Yielding to arguments that there might 
be useful by-products from the work, the 
U.S. government renewed some of its fi- 
nancial support for NASA's SETI involve- 
ment. That organization then made plans to 
use several of its large radio telescopes in 
the search, including its 91-meter Gold- 
stone dish in the Mojave Desert and 300- 
meter Arecibo antenna in Puerto Rico. 

In addition, new equipment enabled 
scientists to broaden their search efforts. 
At Harvard University in 1983, a four-year 
search for signals from space began, using 
a 25-meter-wide radio antenna. This was 
linked to a compact multichannel receiver 
that can monitor 131,072 channels simulta- 
neously, and to a computer that can ana- 
lyze a signal for the patterns that might 
mean a message. , 

Whether life, intelligent or not, exists 
on other planets remains to be learned. 
Many people dislike the thought of living 
things elsewhere in the universe. Other 
people welcome these possibilities. 
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UNIDENTIFIED FLYING 
OBJECTS 


On June 24, 1947, a Boise, Idaho, 
businessman, Kenneth Arnold, was flying a 
private plane near Mount Rainier, Wash- 
ington. Suddenly he was startled to see a 
group of strange-looking craft going 
through a series of amazing maneuvers. 
“They flew very close to the mountain 
tops," he said later, “flying . . . as if they 
were linked together . . . I watched them 
for about three minutes —a chain of saucer- 
like things at least five miles long, swerving 
in and out of the high mountain peaks. They 
were flat like a piepan and so shiny they 
reflected the sun like a mirror. I never saw 
anything so fast." 

When Arnold reached his destina- 
tion— Yakima, Washington —and reported 
what he had seen, he created a sensation. 
The "flying saucers" sighted by Arnold 
became an exciting topic of conversation. 
Within a few days disklike flying craft were 
reported by observers in other parts of the 
country, and the flying-saucer scare was 
fairly launched. 

The scurrying disks that were now so 
frequently reported were merely the latest 
in a series of mysterious objects in the 
heavens that have startled men since time 
immemorial. Most of the earlier appear- 
ances had been definitely traced later to 
meteors, comets, atmospheric phenomena, 
and the like; a few have never been satis- 
factorily explained. Some aroused wide- 
Spread interest for weeks or months ata 
time; then they were forgotten. 

The flying-saucer epidemic started by 
Arnold’s report reached rather respectable 
proportions in 1947; but toward the end of 
the year public interest seemed to beon the 
wane. It was powerfully revived by a trage- 
dy that took place on January 7, 1948. Ear- 
ly in the afternoon of that day, observers at 
Godman Air Force Base, in Kentucky, saw 
a mysterious object flying overhead; it 
looked like “an ice cream cone topped with 
red." Four pilots in National Guard F-51 


UFOs 


planes were asked to investi 


te the strange 
aircraft. Captain Thomas ! 


Mantell, the 


flight leader, radioed to the control tower 
that he was "closing in to take a good 
look." After a time he reported that the 
thing looked metallic and tremendous 
size. "It's going up now and forward as fast 
as I am. . . . That's 360 miles per hour. 
I'm going up to 20,000 feet and if I am no 
closer, I'll abandon chase 

Following this last report, received at 
3:15 P.M., there was no further radio con- 
tact with Mantell. Later that day his body 
was found in the wreckage of his plane near 
Fort Knox. The official 1 ^ir Force ex- 
planation was that Mantel! had blacked out 
at 6,000 meters (20,000 feet) from lack of 
oxygen and had died of suffocation before 


the crash. The object that Mantell had pur- 
sued was at first identified with the planet 
Venus; but further probing showed that the 
planet did not appear on that day in the 
quarter of the sky where the mysterious 
object had been sighted. 


MANY SIGHTINGS REPORTED 


There was now a new wave of flying- 
saucer sightings. Some of the mysterious 
craft were seen by planes, others by ob- 
servers on the ground; a number of them 
were picked up on radar screens. Those 
making the reports included various sea 
soned observers: trackers of guided mis" 
siles, radar operators, commercial air p 
lots, U.S. Air Force pilots, airport traffic 
controllers, weather observers. The = 
cers were sighted in many different parts 9 
the United States, but particularly in the 
desert areas of the Southwest. There were 
also reports of sightings from Canada, 
Mexico, South America, Europe, the mr 
East, Australia, Africa, Hawaii, Greenlan¢, 
and the Antarctic. . et 

The U.S. Air Force, determined to £ y 
to the bottom of these mysterious appear 
ances, launched a series of investigations: 


APeruvian architect photographed this object in a valley near Lima, Peru. Was it 


aship from outer space? A hoax? Or was it caused by normal phenomena? 


The investigators gave the official name of 
“unidentified flying objects” (UFOs) to the 
mysterious craft. 

The UFOs reported by observers were 
of many different kinds. Flying saucers, or 
disks, predominated. There were large 
disks, up to 30 meters or so in diameter, 
medium-sized disks, and tiny disks with a 
diameter of only a few centimeters. These 
craft performed amazing maneuvers. They 
sometimes hovered motionless in the air, 
then shot skyward, made abrupt turns, and 
reversed their course with unbelievable 
suddenness. They attained the most fantas- 
tic speeds —up to thousands of kilometers 
an hour, in some cases. 

There were also rocket-shaped ships, 
ranging from 30 to 300 meters in length and 
also capable of tremendous speeds. In 
some cases these rockets seemed to serve 
as mother ships for disk-shaped craft. In 
addition to disks and rockets, there were 
bright green fireballs moving silently 
through the heavens as swiftly as meteors. 


ALIEN BEINGS SEEN 


Certain observers claimed to have seen 
members of the flying-saucers’ crews. In 
a 1950 book called Behind the Flying 
Saucers, Frank Scully told of certain men 
from Venus whose dead bodies had been 
found after their saucer craft had crashed 
to earth in New Mexico and Colorado. 


According to Mr. Scully's informant, a 
“Mr. Newton," the Venus men were “tiny 
creatures, from 97 to 112 centimeters 
long. They wore 1890 dress, of cloth that 
was not wool or cotton but that couldn’t 
be torn.” The Air Force, according to Mr. 
Newton, had spirited the bodies away. 

Not all UFO crew members were 
midgets, apparently. On September 12, 
1952, a woman, three children and a young 
National Guardsman espied a flying saucer 
near Sutton, West Virginia. Somewhat later 
they came upon a repulsivé giant, apparent- 
ly amember of the crew. He was 2.7 meters 
tall and had a red face and protruding eyes 
about 30 centimeters apart. When this 
monster started toward the startled observ- 
ers with a hissing sound, they fled. 

There were saucer photographs galore. 
Some of these were obviously hoaxes; in 
other cases freak images had been pro- 
duced in negatives because of faulty equip- 
ment or technique. A few could not be 
explained so easily, however. 

Flying-saucer appearances tapered off 
after 1953. Perhaps it would be more exact 
to say that fewer reports of unidentified 
flying objects appeared in newspapers and 
magazines, perhaps because editors felt 
that such reports were no longer particu- 
larly newsworthy. In the period 1965-67, 
there was a marked increase in reported 
sightings and then a tapering off again. 
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United Press 


An artist's conception of a flying saucer, based on 
descriptions given in early reported sightings 


LOOKING FOR EXPLANATIONS 


How are we to account for these mys- 
terious, unidentified objects in the heavens? 
Are they really flying craft, incomparably 
more advanced than any previously known 
to man? After all, it has been argued, man 
has traveled to the moon. Is it not possible 
that inhabitants of other star systems, fur- 
ther advanced than man, have perfected 
ships that can carry them to our solar sys- 
tem? 

Soon after Kenneth Arnold sighted 
those “flying saucers” in 1947, the U.S. Air 
Force began keeping track of all reported 
UFO sightings in what came to be known 
as Project Blue Book. In 1966 they engaged 
a group of 36 scientists, under the direction 
of physicist Edward U. Condon of the Uni- 
versity of Colorado, to conduct an indepen- 
dent investigation of these sightings. The 
study culminated in the publication of a 
voluminous report, which concluded that 
further UFO research would be of no val- 
ue. In 1969 the Air Force ended Project 
Blue Book, although approximately 1,000 
reports in their files remained unexplained. 

Reports of UFO sightings dropped 
Sharply, but the controversy over their 
cause didn’t end. Some scientists continued 
to question the thoroughness of the Air 
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Force’s investigation 

Donald, for example, not 
of the Condon Repor 
about one third of the 90 
gated could not be expla 
clear how this justified : 
further study is not need: 


James Mc- 
vat the authors 
nceded that 
they investi- 
It is far from 
iclusion that 


Then in 1973 there sudden up- 
surge in UFO sightings of the more 
interesting accounts w ted by two 
men from Mississippi id that they 
had been taken aboard paceship by 
creatures who had silve inkled skin 
and crab-claw hands. A mer J. Allen 
Hynek, who had been a: rce consul- 
tant on Project Blue B xamined the 


it they were 
reasonable 


men under hypnosis and { 
“telling the truth beyor 
doubt." 


Other sightings soor ved to have 
conventional explanation example, a 
number of UFOs were tally silvery 
weather ballons, which ref ! sunlight at 
their 26 kilometers altituc thers turned 
out to be meteorological omena such 
as low-hanging clouds or f Nonetheless, 


showed that 
FOs are real 
winings. And 


a survey of adult Americ 
51 per cent believed that 
objects, not just people's 


11 per cent said that they had seen UFOs. 
Late in 1973, Dr. Hynek, who is now 
Chairman of the Department of Astronomy 
at Northwestern University, announced 
the formation of the Center for UFO 


Studies. “For a quarter century the UFO 
phenomenon has been the subject of gross 
misconceptions, misinformation, ridicule, 
buffoonery, and unscientific approach,” he 
said. “The fact that reports persist—fror 
many countries—presents a mystery thal 
demands explanation." 


SOME CONVENTIONAL EXPLANATIONS 


As has been indicated, many ei 
Saucers are not really flying craft at 2" 
Many scientists, such as astronomer pat 
ald H. Menzel of Harvard, maintain we 
many of the mysterious appearances wi 
been due to meteorological phenomena. be 
Some cases, saucerlike appearances may al 
due to the reflection of light from ice Me 
formations in the atmosphere. If such cry 


tals are falling or hovering in the air, re- 
flected sunlight or moonlight may produce 
startling effects. For example, such reflec- 
tions may cause a pair of concentric halos 
to appear around the sun. Sometimes part 
of the halos may be almost as bright as the 


sun itself and will form glowing mock suns, 
which are also known as sundogs. At night, 
halos sometimes develop around the moon, 
forming mock moons, or moondogs. These 
might well resemble strange aircraft. 

In other instances, flying-saucer ap- 
pearances may have been due to the fact 
that air can act as a distorting lens, produc- 
ing the effects known as mirages. Light rays 
are refi d, or bent, in various ways as 
they pass through air layers of different 
density ìe effect is particularly notice- 
able when layers of sharply contrasting den- 
sity are in close contact with one another. 

If a hot layer of air lies close to the 
earth, the image of the sky may be project- 
ed against the earth, sometimes giving the 


illusion of ponds or lakes in the distance. If 
er is near the earth (as in the 


a cool la 
desert at night), the image of the earth may 
be projected against the sky. Distant lights, 


such as those of automobiles or a city, will 
seem to float in the air. If the air is turbu- 
lent, these lights will apparently dart hither 
and thither. Conditions that cause optical 
mirages can also produce radar mirages. 

In some cases, people may have sight- 
ed flying craft, but not the exotic objects 
that they imagined. They may have seen 
ordinary airplanes flying at such great 
heights that only the reflection of the sun 
from the fuselage was visible. 

Other people have mistaken kites or 
weather balloons for UFOs. In 1951, phys- 
icist Urner Liddel asserted that most UFOs 
previously reported were really skyhook 
balloons—large plastic unmanned craft, 
Which are used to carry meteorological in- 
struments aloft. These balloons reach great 
heights and often fly great distances; some 
have crossed the Atlantic. When viewed 
against the background of the sky, they 
often look quite disklike. Some authorities 
believe that it was while chasing a skyhook 
balloon that Captain Mantell crashed. It 
Was a secret device at the time and infor- 


mation about it was not available to the 
public. 

When this information was declassi- 
fied, a few years later, it solved a startling 
mystery. On March 17, 1950, the inhabi- 
tants of Farmington, New Mexico, were 
almost scared out of their wits as thousands 
of “flying saucers” soared over the town for 
an hour or so. Only later was it revealed 
that a skyhook balloon had burst over 
Farmington at an altitude of 18 kilometers 
scattering thousands of pieces of plastic in 
the air. These were the "flying saucers" 
that had invaded the area. 


PRODUCTS OF THE MIND? 


Behavioral scientists also study UFO 
reports. Sociologist Robert Hall points out 
that “the sky, especially the night sky, is 
full of ambiguous stimuli, and people gener- 
ally have a powerful need to reduce ambi- 
guity ... by explanations in terms of 
something familiar.” Thus some people, 
influenced by the general “system of belief” 
that has developed around the UFO phe- 
nomenon, transform naturally explainable 
stimuli into a ship from outer space. 

Dr. Lester Grinspoon suggests that 
UFO sightings may be linked to the stress- 
es of modern life —to “the increasingly anx- 
ious times in which we live.” Under such 
stresses, he says, it is common for people to 
have illusions or delusions, substituting fan- 
tasy “to supply what reality has denied." - 

Dr. Carl Sagan of Cornell University 
has proposed that “certain psychological 
needs [are] met by belief in superior beings 
from other worlds.” And today, he says, 
extraterrestrial visitors are a fashionable 
idea. Dr. Sagan, however, cautions against 
dismissing the extraterrestrial hypothesis. 
There is not enough evidence, he believes, 
to exclude the possibility that some UFOs 
are spaceships from advanced civilizations 
that live elsewhere in the universe. 1 

In 1794, France's Académie des Sci- 
ences refused to accept the possibility that 
meteorites originated outside of the earth's 
atmosphere. “Meteorites didn’t fit estab- 
lished belief, so scientists denied their exis- 
tence,” said Dr. Hall. Is the same true for 
flying saucers from outer space? 
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INTRODUCTION TO 
MATHEMATICS 


The word “mathematics” comes algebra, another branch of the science of 
the Greek mathemata, meaning “things quantity. In algebra, a symbo!, such as the 
that are learned.” It may seem odd to apply letter a or b, stands for an entire class of 
this phrase to a single field of knowledge, numbers. For example, in thc 'ormula 
but we should point out that for the ancient (a 4- 28 9 at 4 4 4 

the letter a represents any number, The re 
lationship expressed in the formula would 
the same whether « «tood for 1, or 

5, or 10 or any number. 
Mathematics also studies shapes oe 
curring in space, which may be thought of 
as a world of points, surfaces and solids. 


We study the properties of diferent shapes 
and the relations between ‘hem, and we 
learn how to measure them. | his space sci 
ence is called geometry. P! geometry 


concerned with points, lines, and figures 
occurring in a single plane —» surface with 
only two dimensions (Figure 1). The study 


of the three-dimensional world is called 
solid geometry (Figure 2). Trigonometry 
("triangle measurement") is «n offshoot of 


ve know the distance AB and the angle 
iculate how high the tree is by using 
( triangle measurement, an offshoot 


figure ^ 
MA wo 


irigonon 
Of geome 


Figure 4 The line XX is at right angles to YY. The 
formula « — 2y indicates the position of AB wit 
pec! to XX and YY. The formula x + y = 28 


the positon of the circie. We are des 
th analytic geometry 


geometry. 1t is based on the fact that when 
Sertain parts of triangles are known, one 
San determine the remaining 
Solve many different problems (Figure n 
Analytic geometry combines algebra 
and geometry — generalized numbers and 
Space relationships. It locates rers 
es in space. It explains circles 3 
lipses and other figures in terms of algebraic 
formulas. In Figure 4, for example, the 
lines XX and YY are at right angles to 00€ 


È 


another and meet al the poisi O. To iad 
cate the position of the str aaghet bime (A wth 
respect to VY and YY, we wee the formes 
1 * 2y. To indicate the position of the 
circle in the diagram. we owe the formes 
at > yh 25 

The branch of mathematics called 
Calculus i» based on the study of fum Goer 
If the value of a given quantity depends on 
the value we assign to à second quantity 


the circumference of a circle iè away 
3.14159 times the diameter. The valor 
3.14139 is indicated by the Grook better 
w, or pi We frequently wie the formula 
€ = eD (hat b, e r Di, where € hn the 
circumference and D the diameter. in the 
case, C, the ciroumference, ih a function 
of D, the diameter, since te value will 
depend on the value we aun to D te 
we we nene & 


able function. In differential ak wise. we 
determine the rate of change of a vartabte 
function 


Statistics, another branch of mathe 


when the deam aw w ewm Th 
theory has been appin to geting paart 
such as dice and poker, Ht can be wond. ton 
to predict the relative sombur of hope and 
tts that will be born in a particinr piece ot 


a particular tome 
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of imagination in determining what can be 
proved and in constructing ingenious meth- 
ods of proof. 

It might seem rather far-fetched to 
think of mathematics as a search for beau- 
ty. Yet, to many workers in the field, math- 
ematical patterns that are fitted together to 
form a harmonious whole can produce as 
pleasing effects as the color combinations 
of a painter or the word patterns of a poet. 
As Bertrand Russell, who was an important 
20th century mathematician, has put it in 
his Principles of Mathematics: “Mathemat- 
ics, rightly viewed, possesses a beauty cold 
and austere, like that of a sculpture, without 
any appeal to any part of our weaker na- 
ture, without the gorgeous trappings of 
painting or music, yet sublimely pure, and 
capable of a stern perfection such as only 
the greatest art can show.” 

Mathematics is also an endless source 
of entertainment. For many generations, 
mathematicians and others have prepared 
what are commonly known as mathemati- 
cal recreations, ranging from simple prob- 
lems and constructions to brain twisters 
that can be solved only by experts—and 
Sometimes not even by experts. These rec- 
reations are a delightful challenge to one’s 
wits. Sometimes, they bring us into a world 
of fantasy in which one “proves” that 2= 1, 
or constructs a magic ring whose outside is 
its inside (Figure 5), 
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MATHEMATICS AND THE OUTER WORLD 


In the development of the different 
branches of mathematics, pioneers have 
often owed much to the observation of the 
world about them. It has been suggested, 
for example, that the concepts of "straight 


"on 


line," "circle," “sphere, "cylinder," and 
"angle" in geometry were derived from 
natural objects: "straight line," from a 
towering tree trunk; "circle," from the disk 
of the sun or moon; “sphere,” from a round 


object like a berry; "cylinder," from a fallen 
tree trunk; "angle," from the angles formed 
by the arms or legs in varying positions. 


Pioneer mathematicians examined 
these shapes and the relations between 
them. At first, they applied the results of 
such studies to the solution of practical 
problems, such as the construction of 


canals or the dividing of land into lots for 
purposes of taxation. Later, they began to 
study the relationships between various 
geometrical forms in order to satisfy their 
intellectual curiosity and not to solve par- 
ticular problems. In the course of time they 
built up a series of purely abstract concepts. 

As certain mathematicians develop 
such concepts in geometry and calculus and 
other branches of mathematics, they are apt 
to turn their backs entirely on the world of 
reality. They have no hesitation in working 
with equations involving four dimensions, 


Figure 5. This magic rings 
made by pasting toget 
the two ends of a DIT 
strip of paper in the fom 
a ring, after giving one eno" 
twist of 180°. If you the 
color one side of the ee 
you will find that you nee 
colored the whole ring, j^ 
side and out. The ring ' 
called a Moebius Strip- 


or ten dimensions, or any number of dimen- 
sions. The German mathematician G. F. B. 
Riemann built up an entire geometry based 
on the postulate, or assumption, that no 
two lines are ever parallel. Another geo- 


metry—that created independently by 
N. I. Lobachevsky and J. Bolyai—started 
with the assumption that at least two lines 
can be drawn through a given point parallel 
to a given line. The German Georg Cantor 
proposed a “theory of sets" that was highly 
ingenious and—at least, so it appeared at 
the time — utterly useless as far as any prac- 
tical application was concerned. 

It has been pointed out that the con- 
cern with pure abstraction is not without its 
dangers. the distinguished mathemati- 
cian Mo Kline has put it in his Math- 
ematics and the Physical World: “Mathe- 


maticians may like to rise into the clouds 


of abstract thought, but they should, and 
indeed they must, return to earth for. . . 
food or else die of mental starvation.” 
Yet even the most abstract specula- 
tions of mathematicians may find important 
applications, sometimes after many years 
have passed. Thus the Riemannian geome- 


try was to prove invaluable to Albert Ein- 
stein when he developed his theory of rela- 
tivity. Georg Cantor's theory of sets has 
been applied to various fields, including 
higher algebra and statistics. As to multiple 
dimensions, they have been put to work, of 
all things, in the inspection of television 
tubes. 


APPLICATIONS 


We do not have to give such extreme 
examples as Riemannian geometry and the 
theory of sets to show how mathematics 
has served mankind. Actually, it is deeply 
rooted in almost every kind of human activ- 
ity, from the world of everyday affairs to 
the advanced researches of authorities in 
many different fields of science. 

All of us are mathematicians to some 
extent. We use arithmetic every day in our 
lives—when we consult a watch or clock to 
find out what time it is; when we calculate 
the cost of purchases and the change that Is 
due us; when we keep score in tennis, OF 
baseball, or football. 


The accounting operations of business 
and industry are based on mathematics. 
Insurance is largely a matter of the com- 
pounding of interest and the application of 
the theory of probability. Certain manufac- 
turers make use of calculus in order to be 
able to utilize raw materials most effectively. 
The pilot of a ship or plane uses geometry 
in plotting his course. Much of surveying is 
based on trigonometry. The civil engineer 
uses arithmetic, algebra, calculus, and other 
branches of mathematics in his work. 

Mathematics also serves the branches 
of learning called the humanities, which in- 
clude painting and music. It is the basis of 
perspective —the system by which the artist 
represents on a flat surface objects and per- 
sons as they actually appear in a three-di- 
mensional world. We may think of perspec- 
tive as made up of a series of mathematical 
theorems. One theorem, for example, states 
that parallel horizontal lines that recede in 
the same plane from the observer converge 
ata point called the vanishing point. Figure 
6 shows how this theorem is applied to the 
drawing of a room. 

In music, too, mathematics plays an 
important part. The system of scales and 
the theories of harmony and counterpoint 
are basically mathematical; so is the analy- 
sis of the tonal qualities of different instru- 
ments. Mathematics has helped greatly in 
the design of pianos, organs, violins, and 
flutes, and also of such reproducing devices 
as phonographs and radio receivers. ^ 

Mathematics is so important in science 
and serves in so many of its branches that it 
has been called the "Queen and Servant of 
the Sciences" by the noted Scottish-Amer- 
ican mathematician, Eric Temple Bell. 
Here are some examples: : 

Measurements and other mathematical 
techniques are vital in the work of the phys- 
icist. The physicist uses the mathematical 
device called the graph to give a clear pic- 
ture of the relationship between different 
values — between temperature, Say, and the 

ressure of saturated water vapor In the 
atmosphere (Figure 7). The laws of physics 
are stated in the form of algebraic formulas. 
Thus to express the idea that the velocity of 
a body can be determined by dividing the 
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Figure 6. The realistic, three dimensional effect in 
the above drawing is obtained by having all the hor- 
izontal lines that recede from the observer meet at 
a vanishing point. 


distance covered by the time required to 
cover this distance, the physicist uses the 


2 
t 


formula v = =, where v is the velocity, s 


0,5450 
2s 
$9 
Lo 
` Sess 
Figure 7. The graph at the right os 
shows how saturated water-va- a9 
por pressure in the atmosphere El o 
varies with the temperature. The DO 26 
saturation point is reached when * de 
the atmosphere can hold no more EES 
water vapor at a given tempera- w E 
ture. DE 14 
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ed and ż the 


the space or distance co 
seometry and 


time. The physicist employs 


trigonometry in his analysis of forces and in 

establishing the laws of optics, the science 

of light. [ ; 
Like the physicist, the chemist contin- 


ually uses arithmetical and algebraic opaa 
tions and graphs in his work. The chemis 
too presents laws in the form of ale 
formulas. The reactions are set down in the 


The sco 

being de ed to assist students. 

form of ations, which from certain view- 
points be considered as mathematical 
equations Chemists also use logarithms, a 


matherr ıl technique, in calculating the 


degree cidity of a substance—the so- 
called pH value. Plane and solid geometry 
are used in studying the way in which 
atoms or ions (electrically charged atoms) 
are combined. Thus it can be shown that 


graphite atoms form a succession of hexa- 
gons (six-sided figures) in a series of planes 
set atop one another; and that the sodium 
and chloride ions that make up ordinary 
table salt (sodium chloride) are set at the 
corners of a series of cubes. 

Mathematics has always been closely 
associated with astronomy. From the earli- 
est days, astronomers measured angles and 
arcs and made a great many mathematical 
calculations as they followed the apparent 
Motions of the sun, stars, moon and planets 
in the heavens. Today such branches of 
mathematics as arithmetic, algebra, plane 
geometry, solid geometry, trigonometry, 
and calculus are just as useful to the astron- 
omer as the optical telescope, camera, radio 
telescope, and other devices that he uses 
in his work. 

It would seem difficult to apply the 
formulas of mathematics to the infinitely 


» 


Courtesy of Borg-Warner 


mathematics today is broader than ever, and more sophisticated tools are 


varied world of living things. Yet mathe- 
matics serves even in biology, the science 
of life. It plays an extremely important part, 
for example, in genetics, which is con- 
cerned with heredity. To calculate the per- 
centage of individuals with like and unlike 
traits in succeeding generations, the geneti- 
cist makes use of the theory of probability. 
Mathematics has also been applied to the 
comparision of related forms of life. Using 
the method called dimensional analysis, 
researchers have found that the frequency 
of the beating of a bird's wings can be 
summed up in a formula. It is rather amaz- 
ing to see how often this formula applies to 
totally dissimilar birds. Dimensional analy- 
sis has also been used to analyze the growth 
patterns of certain animals, as well as to 
determine the ratio between the lifetime of 
a given animal and the time required for the 
animal to draw a single breath. 

Such then, in brief, is the scope of 
mathematics. In the articles that. follow, 
we shall present some of the more impor- 
tant fields of mathematics, including arith- 
metic, algebra, plane and solid geometry, 
trigonometry, analytical geometry and cal- 
culus. We shall tell you what these fields 
are about and the uses to which they are 
put by present-day mathematicians. 
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NUMERALS 


by Howard F. Fehr 


In the Ashmolean Museum in Oxford, 
England, there is an Egyptian royal mace, 
on which there is a record of 120,000 pris- 
oners and of booty consisting of 400,000 
oxen and 1,422,000 goats. This record, dat- 
ing back to before the year 3400 B.C., 


shows that in antiquity people had learned 
to write large numbers. Of course, the be- 
ginnings of the use of numbers must go 
back long before the Egyptians. 

The primitive cave man did not have to 
know much about counting or any other 
kind of mathematics to keep alive. Home 
was a cave already at hand: food grew on 
trees or plants or could be hunted with pri- 
mitive weapons. However, when people 
began to collect animals into herds, and 
particularly when one family entered upon 
social relations with others, it became nec- 


essary to decide how much belonged to one 
person and how much belonged to a neigh- 
bor. It probably sufficed, at the outset, to 


use such concepts as a little, or some, or 
much, Later, however, it became necessary 
to have a more definite means of determin- 
ing how much. People learned to count 
and this was the beginning of mathematics. 

At first, a person might count the num- 
ber of animals in a herd by placing a pebble 
on the ground or tying a knot in a rope for 
each animal. Each pebble in the growing 
heap or each knot in the rope would stand 
for a single animal. Later, a man might use 
his ten fingers in his calculations. We may 
surmise that when the ten fingers had been 
counted, a little stone would be set aside to 
represent this first ten; the fingers would 
then be used to count another ten. Another 
Stone would be added to the first one; the 
fingers would be used to count another ten, 
and so on. When the stones in the pile 
would equal the number of fingers, they 
would represent ten tens. The pile of ten 
Stones would then be taken away, and a 
larger stone would be put in its place to in- 
dicate “ten tens” or a hundred (Figure 1). 
Thus three large stones, seven small stones, 
and eight sticks, standing for eight fingers, 
would represent three hundreds, seven tens, 
and eight units—in others words, 378 
(Figure 2). 

The ten fingers in this case would mark 
the halting place in a person’s calculations: 


= 


1. In the calculations of early times, the number 
one might be represented by a finger or by a stick 
(a). The number ten could be represented by 

ten fingers of the two hands or by a small stone (b). 
Ten small stones would be equivalent to one large 
stone, which would represent one hundred (c). In 
this system, the ten fingers marked the stopping 
place in counting; in other words, the system was 
based on ton 


both 

Since stones, pebbles, and sticks are 
awkward to handle, people created symbols 
io represent numbers as soon as they 
learned to write. The symbol that is used to 
write a number is called a numeral, About 
5,000 years ago, the Babylonians de- 
veloped cuneiform, or wedge-shaped, writ- 
ing, in which the different symbols were 
sticks on wet 


for a hundred. To write a 
ylonians repeated the s as re 
quired. In Figure 3a, we show how the first 


| 
| 
ze 
d 
i 


represented ten times one 
one thousand. If the sym- 


im 
tiir 
1 H 
i 


i 
i 

E 
Hi 


the symbols given in Fig- 

. The of numbers was a cum- 
bersome business. The number $27, for 
example, would be written as indicated in 


u 
i 
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3. Babylonian cuneiform numerals: a: the symbols 
for numbers 1 through 10 and for 100 and 1,000; b: 
how the numbers 243 would be written. 


4. The hieroglyphic numeral system used by the 
Egyptians, Particularly for decorative Purposes, 
They had another System —the hieratic system—for 
everyday computations. 


5. The Egyptian hieroglyphic System was an addi- 
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Figure 5. The Egyptians used this System 
of numbers for decorative purposes — for 
stone monuments, obelisks, (Figure 6) and 
so on. They also had a so-called hieratic 
number system, which was much more 
efficient than the hieroglyphic system. It 
served them in their everyday computa- 
tions. 

The ancient Greeks developed several 
methods of writing numbers. In the latest 
and most widely adopted version, they used 
all the letters of their alphabet plus three 
additional symbols. Each letter stood fora 
definite value. The first nine symbols repre- 
sented the numbers from one to nine; the 
next nine, the tens from ten to ninety; the 
last nine, the hundreds from one hundred to 
nine hundred. They had no symbol for zero. 
(Figure 7). 

To represent thousands, the Greeks 
added a bar to the left of the first nine let- 
ters. Thus /T stood for 3,000:/Z, for 7,000. 
The number 4,627 was written /AXKZ, the 
horizontal base line indicating that these 
letters formed a numeral. 

The Hebrews also used their alphabet 
in writing numbers (Figure 8). 

A system of rodlike symbols was em- 
ployed by the ancient Chinese to represent 
numbers. They had a place system: that is, 
a number symbol took on different values 
according to the place it occupied in the 
written number. In Figure 9, we give the 
numbers from one through nine and from 
ten through ninety. You will note that in the 
numbers from one through nine, each verti- 
cal rod stood for one unit and each horizon- 
tal rod for five units. In the numbers from 
ten through ninety, each horizontal rod 
stood for ten units and each vertical rod for 
fifty units, 

The hundreds were written in the same 
way as the units. Thus the symbol Il would 
stand for either two or two hundred, de- 
pending upon its position in the number. 
The thousands were written in the same 
Way as the tens, the ten thousands in the 
Same way as the units and so on. The num- 
ber 7,684 was written LTailll. There Wa? 
no symbol for zero, and a gap had to be le 
to indicate it. The number 7,004, for erani 
ple, was & JIll. If the gap were not recog 


6. The Egyptians used the decorative hieroglyphic numerals 


nized as such, the number might be read as 


74 instead of 7,004. 
The Romans probably derived their 
? ? n system of numbers from the Etruscans, ear- 
lier inhabitants of Italy. Letters were used 
> for numerals. "I" stood for one, "V" for 
AK ways five, “X” for ten, “L” for fifty, "C" for a 
i eee hundred, “D” for five hundred and "M" for 
€ a thousand. Two I’s represented the num- 
ber two; three ls, the number three. An I 
` was put before V to make four. This was 
3 the application of the so-called subtractive 
nir principle: if the symbol of a smaller number 
preceded the symbol of a larger number, 
S the smaller number was to be subtracted 
. L s from the larger. VI stood for six; VII, for 
| A - t seven; VIII, for eight. The symbol for nine 
3 was IX (subtractive principle). Other nu- 


So it was throughout the Roman nu- 
merical system. If a number was smaller 
than the number that followed it, it was sub- 
tracted from the second number; if it was as 
large as or larger than the following num- 
ber, the second number was added to the 
first. Thus LX was sixty; XL was forty. 

Roman numerals are still used in En- 
glish and other Western languages for cer- 
tain specific purposes. They sometimes in- 
dicate chapter numbers or volume num- 
bers. They are also used on the dials of 
some clocks and also on commemorative 
monuments and tablets. To us, this number 
ML system seems extremely complicated. For 


AARARA SML T > 
— MÀ ra example, we indicate the number eighteen 


hundred eighty eight by only four sym- 
bols: 1888. Thirteen symbols would be re- 
uired in Roman numerals; it would be 
MDCCCLXXXVIII. 

Our own system of numerals, the so- 
called Arabic numerals, should really be 
called the Hindu-Arabic numerals, since 
the system originated in India (not long 
before the Christian era) and was later 
adopted by the Arabs. The Arabs con- 
quered a large part of Spain in the eighth 
century and in time introduced the Hindu- 
Arabic numerals in the conquered land. In 
Figure 11, we show how the numerals 


— merals are shown in Figure 10. 
{ E 
t] 


Y 
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looked in the tenth century. The system 
was gradually adopted by the other peoples 
of Europe. By the fifteenth century, the 
symbols of the system had acquired the 
form that is so familiar to us: 

1, 2, 3, 4, 5, 6, 7, 8, 9, 0 


The base of our system is ten, and so it 
is called a decimal system. (Decem means 
“ten” in Latin.) It is a place system, in 
which the position of a symbol indicates its 
particular value. Moving one space to the 
left increases the value tenfold, as is shown 
in the following diagram: 

.10,000's | 1,000's | 100's | 10's | 1’s 


(101,000) ,000) (10x100) (10x10) (10x1) 


In the number 4,962, the 4 stands for 
four thousands; the 9, for nine hundreds; 
the 6, for six tens; the 2, for two units. 


7. The ancient Greeks wrote numbers usin 


three additional symbols, indicated above by asterisks. 


8. Like the Greeks, the ancien 
ing their numbers. 
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g the letters of their alphabet plus 


4,962, therefore, is really 4,000 + 900 + 
60 + 2. Take the number 7,004. The 7 Tep- 
resents seven thousands, the first 0, no 
hundreds; the second 0, no tens; the 4, four 
units. Since there is a special symbol for 
zero, there is no possibility of error in read- 
ing such a number, as there would be if the 
zero were to be indicated, as in the early 
Chinese system, by leaving a gap. 

With our ten symbols, we can write 
any number, no matter how large. Suppose 


we start with the number 1. If we put a Zero 
to the right of it, the 1 is in the ten's column 
and indicates ten. Continuing to put zeros 


to the right in this way, we make the value 
of 1 ten times greater for every zero that we 
write. We can also write extremely small 
numbers in our system by using a decimal 
point. The first numeral after a decimal 
point indicates the number of tenths; the 


t Hebrews used the letters of the alphabet in writ- 


second, the number of hundredths; the 
third, the number of thousandths, and so 
on. .000001 is a millionth; .00000001, a 
hundred millionth. We could make the 
number smaller and smaller by increasing 
the number of zeros between the decimal 
point and the 1. 

Of course extremely large or extreme- 
ly small numbers written in this way would 
be awkward to write and use. We show 
elsewhere how to indicate such numbers 
conveniently. 

Not all place systems need have ten as 
their base. Various other bases have been 
used, or proposed. To show the difference 
between systems having different bases, let 
us examine the following paragraph: 

“A boy entered the first grade at the 
age of 10. After attending school for 22 
years, he entered college at the age of 32. 


9. The simple rodlike symbols shown above were 
Chinese in their system of writing numbers. 


10. The symbols of the Roman numeral system ans 
used today for certain purposes, such as chapter nu! 


He was 41 years old when he graduated 
from college, and he married at the age of 
100. He died at the age of 240." 

If we applied our own place system, 
with base ten, to this passage, it would not 
make too much sense; certainly the boy in 
question must have lived a very leisurely 
life indeed. Suppose we use a base-five sys- 
tem in interpreting the figures in the pas- 
sage. In such a system, we would use only 
the symbols 1, 2, 3, 4 and 0. Moving one 
space to the left would increase the value 
fivefold. The last numeral in a given whole 
number would represent the number of 
units; the next-to-the-last numeral, the 
numbers of fives (5 x 1); the second numer- 
al from the last, the number of twenty-fives 
(5 x 5); the third numeral from the last, the 
number of one hundred twenty-fives (5 x 
25) and so on. 


employed by the ancient 


letters. This system is still 
bers in some books. 
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5 6 


11. An early version of Hindu-Arabic numerals. The! 


7 8 z 


y are found in a 10th century 


Spanish manuscript. The symbols changed gradually to those we are familiar 


with today. 


Let us apply this system to the dif- 
ferent figures in the above passage. 10 = 
one five and no units = five; 22 = two fives 
and two units = twelve: 32 = three fives and 
two units = seventeen; 41 = four fives and 
one unit = twenty-one; 100 = one twenty- 
five, no fives and no units = twenty-five; 
240 = two twenty-fives, four fives and no 
units = seventy. Interpreted in this way, the 
Passage is a perfectly reasonable statement. 

The place system called the binary sys- 
tem has the base two. It has only two sym- 
bols, 1 and 0. In the binary system, moving 
One space to the left doubles the value as 
indicated in the following diagram: 


32's 16’s | 8s | 4's | 2s | l’s 
(2X16)! (2x8)! (2x4) (2x2)! Qx1) 


Let us see how the number 101101 would 
fit in this scheme: 
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32's | 16’s | 8's | 4's |- 2’s | 1's 
jl mmm 1 Qr p 
As the diagram shows, 101101 in the bina 
system represents (1 x 32) + (0 X 16) 8 
(1X 8)+ (1x 4)+ (0x 2)+(1 x 1I)=32+ 

+4+1=45, 

The binary system was ardently advo- 
cated by the great 17th century oon 
philosopher and mathematician Gottfrie 
Wilhelm von Leibniz because of its simplic- 
ity and also because he thought that it mir- 
rored creation. Unity (1), he thought, md 
sented God; zero (0) stood for the voi 
from which all things were created. " 

The binary system has certain practical 
uses in physics. It also serves in the calcu- 
lating device called the electronic coms 
puter, or “electronic brain." This device is 
run by electricity; the current is either off or 


on. When it is off, the “0” in the binary sys- 
dicated; when the current is on, the 
“1” is indicated. The electronic 
can perform the most intricate 
tions with the “0” and “1” of the 
ystem. A complex modern com- 


puter is shown in the photo below. 

The Mayan Indians, who developed a 
remarkable civilization in Middle America 
in the first centuries A.D., used a base- 
twenty system. There are traces of this 


method of counting in various modern lan- 


guages, including French. The French 
numerals, through sixty-nine, correspond 
to ours. But seventy in French is sixty-ten 
(soixante-dix); seventy-one is sixty-eleven 
(soixc et onze), and so on until we come 
to eig! Eighty is four twenties (quatre- 


vingis). Then come four twenties and one 
(quatre-vingt-un), four twenties and two 
(quatre-vingt-deux). Ninety is four twen- 
i nd ten (quatre-vingt-dix); ninety-one 
twenties and eleven (quatre-vingt- 
onze) and so on up to a hundred. In En- 
glish, too, there are traces of counting by 
twenties. In the King James version of the 
Bible, we read that the average span of a 


L 


The ILLIAC IV computer shown below and 
can p :ss hundreds of millions of instruc 
of computers—an outgrowth of the development oft 
has significantly changed many aspects of modern life. 


human lifetime is “three-score and ten.” 
Abraham Lincoln began his immortal Get- 
tysburg address of November 19, 1863, 
with the words “Four score and seven 
years ago.” 

The Duodecimal Society of America 
has advocated the adoption of the duodeci- 
mal or “‘base-twelve” system. In this, there 
are twelve symbols: 1, 2, 3, 4, 5, 6, 7, 8, 9, t 
(standing for ten), e (standing for eleven) 
and 0. Moving one space to the left, in the 
duodecimal system, increases the value 
twelvefold, as follows: 

1252 | T's 
(12X1) 


20,736's | 1,728's | 144's | 
(12x1,728)(12x144) (12x12) 


The number 6ef4 in the duodecimal system 
represents (6 x 1,728)-- (11 X 144) - (10 x 
12) + (4 x 1). If we perform these multipli- 
cations and additions, we see that 6e14 is 
equal to 12,076. 

There is very little likelihood that, for 
the ordinary purposes of calculation, our 
decimal system will ever be replaced by a 
system with some other base. 


other advanced computer systems 
tions per second. The development 
the binary numeral system — 


Burroughs 
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ARITHMETIC 


The computations carried out with the 
numbers of the decimal system make up 
the branch of mathematics called arithme- 
tic. There are six fundamental operations 
in arithmetic: addition, subtraction, multi- 
plication, division, involution (obtaining 
powers of numbers), and evolution (obtain- 
ing the roots of numbers) 


ADDITION 


Addition represents the grouping or 
bunching together of numbers. If a primi- 
tive man wanted to find out how many skins 
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he would have if he add 

two skins, he would lay t 

ground, put down two more 
the total number. After h 
particular problem agair 

would no longer have to | 
on the ground. He would 

ever he added three skins 

result would always be fi 
would do the sum 3 2 

Similarly, he would com 
that 1+1=2,1+2 

so on. 
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} 


skins to 
ns on the 
1en count 
‘ved this 
igain, he 
the skins 
rat when- 
skins, the 
s, and he 
his head 
iderstand 
4 and 


One can add any sum whatsoever if 
one can add up to 9 + 9, Suppose the prob- 
lem is 23 + 49. Remember that 23 stands 
for 2 tens + 3 units and that 49 stands for 
4 tens + 9 units. We can state our problem 
as follow 

2 tens + 3 units 

+ 4 tens + 9 units 
First, we would add the units together: 
9+ 3 — 12. 12 is really equal to | ten 
plus 2 units. Keeping the 2 in the units 
column, we would add the 1 to the other 
numerals in the tens columns, giving 2 + 
4+ 1 tens, or 7 tens, The answer then is 


7 tens + 2 units, or 72. 
SUBTRACTION 


In subtraction, we take one or more 
objects from another group of objects. 
Suppose our primitive mathematician had 
nine skins and wanted to find out how many 
skins he would have left if he took five 
skins away. He would lay out the nine skins 
on the ground, would take away five 
and then would count the skins that re- 
mained. Later on, he would come to 
that five from nine always leaves four, and 
he would perform that subtraction in his 
head. He would then extend this type of 
calculation to other numbers. He would 
come to know, for example, that 9 — 45 
and that 7 — 6 = 1. He would need to know 
only a few such calculations to be able to 
subtract any sum from any other sum. 


MULTIPLICATION 


Multiplication is really a form of addi- 
tion. If we did not know how to multiply, 
we could find the answer to the 

5X 7 by simple addition. For 5 X 7 means 
the same thing as five sevens, or 7 + 7+ 
7+ 7 4 7. Adding the five sevens together, 
we would have 35. Sooner or later we 
would probably come to realize that when 
We solve the problem of adding together 
five sevens, 7 + 2 +7 +7 + 7, the am 
swer is always 35. We would memorize 


A young boy usi a loop abacus. The abacus is a 
device that has boon used for thousands of years #9 
perform simple arithmetic calculations. 
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1. This figure is a right triangle (a triangle having a right angle). $ 
= 1. The square of side c is equal to the sum of the squares © 


2=1;sideb 


sides. Hence c?=1+1=2.lfc?=2,c=V92. 


knowing the multiplication table could mul- 
tiply 24 by 18 in much less time than it 
would take to solve the problem by means 
of duplation. 


DIVISION 


Division is a kind of subtraction, If we 
divide 12 by 4, we want to know how many 
times 4 goes into 12, We perform the fol- 
lowing series of subtractions: 


12 8 4 
zs eee a ae 
8 4 0 


We have subtracted 4 from 12; then 4 from 
the remainder 8; then 4 from the remainder 
4. Nothing remains. We used 4 as the sub- 
tracter three times. Hence the answer to 
the problem 12 divided by 4, or 12+ 4, is 3. 


INVOLUTION 


In the process called involution, we 
raise a number to any desired power. The 
number that is to be raised to the power 
in question is called the base. To raise 2 
to the third power, we repeat the base three 
times as it is multiplied by itself, thus: 
2 X 2 X 2. We can indicate the power by 
placing a small figure, called the exponent 
to the right of the base and above it. For 
example, 2 to the third power, or2 X 2 x 2, 
is written 23, 
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' other two 

If the exponent is 1, it ‘ndicates that 
the number is not raised to gher power 
but remains unchanged. Thus 2! = 2; 5!= 
5. When we use the exponent zero, We 
show that the base is to be di ded by itself. 
Any number with the exponent 0 is always 
equal to 1. For example, 4^ = 4+4=1; 


10? — 10 + 10 = 1. There are Iso negative 
exponents. A base with a n gative expo- 
nent is equal to the reciprocal of the base 


(s ) with the corresponding positive ex- 
base, 
1 


ponent. Thus 5-! = i 
EVOLUTION 


In the process called evolution, we 
find the roots of numbers. Given a certain 
number, we try to find what other meu 
multiplied by itself the desired number 0 
times, will give the first number. The an 
ber to be multiplied by itself is called t 4 
root. If we want to find out what et 
multiplied by itself will give 4, we say va 
We are trying to find the square root 0 by 
written V4. The number 2, multiplied by 
itself—that is, used as a factor twit 
gives 4. Therefore 2 is the square pie, 
4. A square root of 4 could also be 2 
since —2 x —2 = 4, it- 

The cube root of the number 8, wri 
ten as V'8, is the number which, used as à 


i s 1 
53° 3-9 


factor three times, gives 8.2 X2X2=8; 
therefore V/8 = 2. 


FRACTIONS 


Numbers such as 1, 2, 3, 5, 10, 120 and 
3,000 are called whole numbers, or inte- 
gers. When one multiplies one integer by 
another, the answer is always an integer: 
5 x 6 = 30: 7 x 9 = 63. However, it is not 
always possible to obtain an integer as an 
answer when one divides one integer by 
another. It is true that if we divide 8 apples 
into 4 equal shares, each share will consist 
of 2 apples. But if 8 apples are to be divided 
into 3 equal shares, the answer will not be 


an integer. For 8 + 3 = which is a frac- 


tion, or “broken number.” This does not 
mean that we have to divide all our 8 apples 
into thirds and give each person 8 thirds. 


We note that i is exactly equivalent to a 


whole apple and that Sis exactly equivalent 


to 2 whole apples. To divide 8 apples into 3 
equal shares, therefore, we give each per- 
son 2 apples. Then we divide the 2 remain- 
ing apples into thirds, and given each per- 
son 2 of the thirds. Another way of putting 
it is that 8+ 3 = A 5 represents the sum 
of an integer and a fraction, and is called a 
mixed number. 


2 
In a fraction such as $ the number 


above the line is called the numerator; the 
number below the line is the denominator. 


The mathematician does not think of 7 as 


two numbers, but as a single number having 
a definite value. If we write in the decimal 
form, 0.4, we can see that the fraction 1S 
really a single number. Tn 

Each fraction is a quotient consisting 
of two integers. It is possible to Write out 
all the fractions, using the following 
Scheme. First, we set down the fractions 
with the denominator 1, then those with the 
denominator 2, then those with the denomi- 
nator 3, as follows: 


Denominator l. . . nA so on. 
, LBAS 
Denominator2. . . . 52,525 
inator 222/2520 soon 
E 12345 
Den ONS tetas cm S E " 
jominator T3 3 and so on 


Obviously, it would take an eternity to 
write out all the fractions in this way. How- 
ever, assuming that such a list of fractions 
could ever be complete, any fraction what- 
soever would find a place in it. 

Fractions can be added, subtracted, 
multiplied, and divided according to the 
usual rules of arithmetic. The answer will 
always be an integer, or a fraction (con- 
sisting of two integers), or a mixed number 
(consisting of a whole number plus a frac- 
tion). In dividing a number by a fraction, 
we use the rule "Invert the divisor and 

MES 2 18 
multiply. Thus; 9 5*7 35° 


2. In this diagram, the plus Arabic numerals repre- 
sent units to the east; the minus Arabic numerals, 
units to the west; the plus i's, units to the north; the 
minus /'s, units to the south. / is the symbol for 


VA. 
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In a fraction such as 2 the denom- 


inator, 35, is really a divisor, since - 18 


7 35. Now in mathematics zero is always 
barred as a divisor, and so it can never be 
a denominator. This is done to avoid ab- 
surd results. For instance, if we were to 
allow division by zero, we could prove that 
6= 1. This is how. We know that 6 x 0— 0. 
If we divide each side of the equation by 
6x0 0 


oii which could be 


written as 6 x 2 = 3 Now any number 


zero, we have 


divided by itself is equal to 1. Hence we 
could change the preceding equation to 
read 6 X 1 — 1, or 6= 1. In fact, if we were 
to allow division by zero, we could prove 
almost anything. 


NEGATIVE INTEGERS 


If we return now to the integers, we 
note that when we subtract one positive in- 
teger from another, the answer is not always 
positive. It is true that 7 — 4 — 43, which 
is generally written simply as 3. But sup- 
pose we want to subtract 7 from 4. To make 
the subtraction 4 — 7 possible, we invent a 
new kind of number called a negative inte- 
ger, which is represented by an integer with 
a minus sign in front of it, The answer 
5 E above subtraction, 4 — 7, would 

e—3, 

The mechanics of solving problems 
such as 12— 6,9— 7, 6— 13 and So on is 
Simple enough. We subtract the smaller 
number from the larger one and we give 
the result the sign (plus or minus) of the 
larger number. By way of example, 12 — 6 
RU el dle 
3-7--4,6—13——7, i 
_ There are as many possible negative 
integers as there are positive integers. 
Starting with 0, we can build up a list of 
negative integers to the left of 0 and a list 


of positive integers to the right of 0, as 
follows: 


14, 352, =e Oper *2, t3, 44... 
We could extend the list of positive and 
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negative integers in this way indefinitely. 
There are negative fractions as well as 
negative integers. Every positive fraction, 


3 k 
such as F has a negative counterpart, such 


as — 3 

aj 

The entire set of numbers we have 
been discussing hitherto — positive integers, 
negative integers, positive fractions, nega- 
tive fractions, and zero— is called the ra- 
tional number system. We can define a 


rational number as a zero, or an integer 
(positive or negative), or a fraction (posi- 
tive or negative) whose numerator and de- 
nominator are both integers. 5 is a rational 
A d 3 
number; so is —8; so is y 80 is 4. 
Rules have been devised for the addi- 


tion, subtraction, multiplication, and divi- 
sion of positive and negative rational num- 
bers, so that no illogical results will occur. 
One of these rules is: “The product of two 
like-signed numbers is positive." For ex- 
ample, 4 x 4 = 16; likewise —4 x —4 = 16. 
Another of these rules is: “The product of 
two unlike-signed numbers is negative. 
Examples of the rule are 4 x —4 — —16; 
—1x6--42, 


IRRATIONAL NUMBERS 


The square root of a number, as We 
have seen, is one of its two equal factors. 
Thus the square root of 25, or V25, is 5, 
since 5 x 5 — 25. But the square root of 
2, or V2, cannot be expressed by any ra- 
tional number. We know that V2 must be 
Somewhere between 1.4 and 1.5, since 
1.4? = 1.96 and 1.5? = 2.25. We could come 
closer to the square of 2 by using more an 
more decimal places. Thus 1.41? = 1.9881 
and 1.4142 = 1.999396. But even if we 
used a root with a dozen decimal places, 
we could never come to a rational number 
whose square would be 2. 

Yet we must deal with numbers such 
as V2 in mathematical work. For example: 
one of the most familiar theorems in Diet 
etry is that in any right triangle (a triangle 
having a right angle), the square of 
hypotenuse (the side opposite the rig 


angle) is equal to the sum of the squares of 
the other two sides. Figure 1 represents a 
right triangle, in which side a is equal to 1 
and side is also equal to 1; c is the hypote- 
nuse. c?, therefore, is equal to a? + b?, and 
since a? — 1 and b? = 1, c? — 2. c, therefore, 
must be equal to V2. Obviously, V2 is a 
real number, obtained by a bona fide math- 
ematical calculation, but it is not a rational 
number. We call it an irrational number. 

There are a vast number of irrational 
numbers besides V2. The square root of 
3 (V3) is an irrational number. So is the 
square root of 5 (V/5). So is the cube root 
of 7 (V7). These are all real numbers, 
even if we cannot express them by integers, 
or by quotients made up of integers. 

If we combine all the irrational num- 
bers with all the rational numbers, we get 
a very large set of numbers called the real 
number system. All the numbers of the 
system can be represented by points on a 
straight line. Let one point represent the 
number 0. Then let points to the right 
represent positive integers and those to the 
left, negative integers, as follows: 


—— E 


-= -2 -1! ot +2 +3 


If the space between the numbers shown 
above is subdivided into as many parts as 
possible, each of the subdivision points will 
represent a rational number. No matter 
how many divisions we may make in this 


A new system of numbering —one that would be u 
has been proposed. In this system, known as nons! 
val between ordinary real numbers can be viewe! 


nonstandard numbers. Nonstandard numbers, views 


can be thought of as ordinary real numbers; from ou 
ely large (right). 


of numbers is infinitely small (left) or infinit 
© 1975 by The New York Times Company, Reprinted by permission. 


way, however, gaps will always remain. 
If we fill in the gaps with points repre- 
senting all possible irrational numbers, 
such as V2, V5, and so on, the line will be 
completely filled. This line is known as 
the real number axis, or continuum. 


IMAGINARY NUMBERS 


There are still other numbers besides 
the real numbers. Let us consider the num- 
ber V-T. This seems to be a contradic- 
tion in terms, since a square is always the 
product of two equal numbers with like 
signs and is always positive. Hence no 
number multiplied by itself can give a nega- 
tive real number, and it would seem futile 
to try to get the square root of such a 
number. However, mathematicians have 
used the number V—I to form the basis of 
a number system called imaginary numbers, 
or complex numbers. V—1 is often indi- 
cated by the symbol i. 

Complex numbers are used in physics 
to represent forces, Suppose that we draw 
two lines intersecting at right angles, as in 
Figure 2. We use +1 to stand for one 
unit to the east and —1 to stand for one 
unit in the opposite direction, or the west. 
We can then interpret +i (+ —]) as one 
unit to the north of the east-west line, and 
=i C VET) as one unit to the south. 
The notation 5 + 3i would mean: "Go 5 
units to the east and 3 units to the north." 
—3 + (-2i) would mean: “Go 3 units to 
the west and 2 units to the south." 


seful in higher mathematics — 
tandard numbering, the inter- 
d as composed of à series of 
ed from within the interval, 
tside the interval, the series 
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ALGEBRA 


by Howard F. Fehr 


In the article “Arithmetic,” we were 
concerned with particular numbers, which 
were expressed by symbols. “Sixty-seven” 
is a particular number. To do arithmetical 
problems in which sixty-seven plays a part, 
we use the symbols “6” and “7,” combined 
as 67. We are now going to consider a 
branch of mathematics in which a symbol, 
such as a letter—a, or b, or c—stands not 
for a particular number, but for a whole 
class of numbers. This kind of mathematics 
is called algebra. 

We can illustrate the difference be- 
tween arithmetic and algebra by a very 
simple example. Let us take the number 4. 
Multiply it by 5 (4 x 5 — 20); add 4 (20+ 
4 = 24); double the answer (24 x 2 = 48); 
subtract 8 (48—8— 40); divide by the origi- 
nal number, 4 (40 + 4 = 10). The result of 
all these operations, as you see, is 10. 
In arriving at the final result, 10, we used 
the method of arithmetic, involving par- 
ticular numbers, throughout. 

Suppose now that we think of any 
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number. Let us indicate "any number" by 
the symbol x and let us go through the 
same operations as before. We multiply x 
by 5 (5 x x, written 5x); add 4 (Sx + 4); 
double the answer (10x + 8); subtract 8 
(10x); divide by the original number, which 
is x (= = 10). The answer, then, is 10. 
Here we have been using the methods of 
algebra, because x can be replaced by any 
number. We could substitute for it 2, or 3, 
or 15, and the final result would be 10. 

When a generalized number, ssi 
sented by a letter (such as a) is pga 
by a particular number (such as 5) or by 
another generalized number (such as b), va 
do not use multiplication signs, but in i- 
cate multiplication by putting these EA 
bols close to one another. Thus a X b =a i 
5Xa-5a; 5 X a X b= Sab. We couldn 
indicate the multiplication of two particu 
numbers in this way. 7 x 5 could ae : 
given as 75, because 75 really stands fo 
70+ 5. 


Let consider another example. In 


the equation (2 + 3)? = 25, we are dealing 
with the »articular numbers 2 and 3, and 
the result is always 25. But suppose that 
instead ©: two particular numbers, we used 
the lett standing for any number, and 
the letter ^, standing for any number other 
than a. We would then have (a + b) = 
a+ 2a p. 


What is significant about (a + b} = 


a+ 2a b? is that it indicates a general 
relationship that holds true for a great many 
particular numbers. If we substituted 3 
for a ar for b, we would have (3 + 2? — 
3? +: (2 3 X 2) + 22 = 9 + 12 + 4=25. 
Or we could substitute 5 for a and 6 for 
b, giving (5 + 6)? = 5 + (2X 5x O + 
6 = 25 + 60 + 36 = 121. 

Algebra, the mathematics of “any num- 
bers,” or “variables,” goes to the heart of 
the relatonship between numbers. Gen- 
erally speaking, it is concerned with par- 
ticular numbers only insofar as they are 
applications of general principles. It is also 
used in the solution of certain specific prob- 
lems in which we start out with one or 
more unknown quantities whose values are 


indicated by algebraic symbols. 
AN ANCIENT DISCIPLINE 


The study of algebra goes back to an- 
tiquity. Recent discoveries have shown that 
the Babylonians solved problems in algebra, 
although they had no symbols for variables. 
They used only words to indicate such 
numbers, and for that reason their algebra 
has been referred to as rhetorical algebra. 
The Ahmes Papyrus, an Egyptian scroll 
going back to 1600 B.c., has a number of 
problems in algebra, in which the unknown 
is referred to as a hau, meaning “a heap. 

Little further progress was made in 
algebra until we come to Diophantus, à 
Greek mathematician, living in the third 
century A.D. He reduced problems to equa- 
tions, representing the unknown quantity 
by a symbol suggesting the Greek letter 
Y (sigma). He also introduced an inter- 
esting system of abbreviations, in which he 
used only the initial letters of words and 
omitted all unnecessary words. If we were 
to use the method of Diophantus in present- 


ing the problem: “An unknown squared 
minus the unknown will give twenty," we 
would first state the problem as “Unknown 
squared minus unknown equals twenty." 
Then we would use initial letters for all 
the words except the last and we would 
give the numeral for “twenty,” as follows: 
“USMUE20.” 

In the sixteenth century, François 
Vieta, a French mathematician, used the 
vowels a, e, i, o, u to represent unknown 
numbers and the consonants b, c, d, f, 8, 
and so on to stand for values that remained 
fixed throughout a given problem. The 
great 17th-century French philosopher 
René Descartes proposed the system of 
algebraic symbols now in use. In this sys- 
tem, a, b, c and other letters near the be- 
ginning of the alphabet represent the fixed 
numbers. The last letters of the alphabet 
—Xx, y, z and also sometimes w —stand for 
the unknown numbers in a problem. As 
soon as this symbolism came into general 
use, algebra grew quite rapidly into a sys- 
tematic set of rules and theorems that could 
be applied to all numbers. 

The word “algebra” originated from 
the title of a work on algebra by a Persian, 
Mohammed ibn Musa Al-Kwarizmi, who 
lived in the ninth century A.D. He wrote 
in Arabic a work called Al-Jebr. W'al 
Muqabala, which means “restoration and 
reduction.” By al-jebr, or restoration, was 
meant the transposing of negative terms to 
the other side of an equation to make them 

sitive. When the Arabs came to Spain, 
they brought this word with them. In the 
course of time, al-jebr was changed to “al- 
gebra,” and the word came to be applied 
not to a single operation, but to the many 
operations involved in algebra. 


THREE FUNDAMENTAL LAWS 


Algebra generalizes — that is, expresses 
in general terms—certain basic laws which 
govern the addition, subtraction, multipli- 
cation, and division of all numbers. 
(1) When we add or multiply two in- 
in which we add or mul- 


ers, the order i i l 
iy them is immaterial. Thus 243is 
the same as 3 +2, and 4 X 3 is the same as 


3 x 4. Since this is true for all integers, 
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we set up the following algebraic formulas: 
a+b=b+ a; ab=ba 


These are called the commutative laws of 
addition and multiplication. 

(2) When more than two numbers 
are added or multiplied, we can group them 
in any order we choose, and the answer will 
always be the same. If 2 is added to (3 + 
6), the result is the same as if we added 
(2 + 3) to 6. Similarly, 2 times the product 
of 3 X 6 is the same as 3 times the product 
of 6 X 2. These results are indicated in the 
formulas: 


à t (b * c) 7 (a+ b) t c; a(bc) — (ab)c 


These are the associative laws of addition 
and multiplication. 

(3) If a multiplicand has two or more 
terms, a multiplier must operate upon each 
of these terms in turn. Suppose we wish 
to multiply 3 -- 2 by 5, a problem which 
we could set down as 5(3 + 2). We would 
first multiply 3 by 5 and then 2 by 5, giv- 
ing 15 + 10, or 25. This rule is called the 
distributive law of multiplication and is 
given by the following formula: 


a(b t c) — ab + ac 


Suppose we want to multiply a + b by 
a b, which of course would be the same 
thing as (a + b)?. We would set up the 
problem as follows: 


In accordance with the distributive 
law of multiplication, we first multiply a and 
b on the upper line by b in the lower line. 
Then we multiply a and b on the upper line 
by a of the lower line. Finally, we add the 
results: 

a+b 
a+b 
ab + p? 

a+ ab 
pati NA 
a? + 2ab + p? 

We use the same distributive law of 
multiplication in multiplying 25 by 25. 


Ordinarily, we would present our calcu- 
lations as follows: 
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25 

.25 

(I) 125 
50. 

625 


Actually, since the 2 in 25 is really 20, the 
problem is 


2005 
20+5 


Using the distributive law, we multiply 5 
in the first line by 5 in the second line and 
20 in the first line by 5 in the second line. 
Then we multiply 5 in the first line by 20 
in the second line and 20 in the first line 
by 20 in the second line. Finally we add 
the products. We could indicate these op- 
erations as follows: 


WF 5 
204 5 
(D 100 + 25 
400 + 100 
400 + 200 + 25 = 625 


If you carefully compare (1) and (II) 
above, you will see that basically the same 
Operations are performed in both. Simply 
bear in mind that, for example, when in (D 
we multiply the 2 in the second line by 5 in 
the first line, the 2 in the second line stands 
for 20. 


FORMULAS, TABLES, AND GRAPHS 


There are different ways of showing 
how different quantities are related. We 
can use a formula, set up a table of values, 
or draw up a graph. 

Take the rule: “The area of a square 
is equal to the square of the length of its 
side.” This is a rather roundabout way of 
expressing the relationship in question. we 
could state it much more simply by using 
the symbol A to represent the number of 
Square units in the area, and the symbol s 
to represent the number of units in the 
side. The above rule can then be stated as 
A = s?. This abbreviated rule is called à 
formula, from the Latin word meaning 
"little form." 

If the length of the side is 6, we can 
get A, the area, by substituting 6 for s In 


AREA OF SQUARE 


S LENGTH OF SIDE OF SQUARE 


1. Drawing of the graph of the area of a square, using horizontal and vertical axes, according to the 
method described in the text. The graph shows how the area of a square increases as the length of the side 
increases. it is one way of expressing the relation between the area and the length of the side. 


the formula. 4 then becomes 6* or 36. As 
you see, we have put our formula to prac- 
tical use. Technically speaking, we have 
evaluated the formula for the value 6. 

We can also represent the relationship 
A — s* by setting up a table of values. Sup- 
pose the side of the square is equal to 1; 
A is then 1? or 1. If the side of the square 
is equal to 2, A = 22, or 4. Substituting for 
5 the values from 1 through 10 in turn, we 
obtain the following table of values: 


s_| 1 2 3 4-56 7A EO 
A| 14 9 16 25 36 49 64 81 100 


This table tells us that if s = 1, 4 = 1; if 
§=2,A=4; if s = 3, A = 9, and so on. 

. There is still another way of represent- 
ing the area of a square. We could con- 
Struct a graph, as in Figure 1. First, we 
draw two lines, called axes, which are per- 
pendicular to each other. Along the hori- 
zontal axis, or base, we mark out a series 
of numbers at equal intervals, correspond- 
ing to the values of s in the table. We mark 
Out another series of numbers on the verti- 
cal axis. These numbers correspond to the 
values of A. At each of the values of s, 
l, 2, 3, 4, and so on, we erect a per- 
pendicular. Then we mark the appropriate 
value of A, corresponding to a given value 


of s, on the vertical scale. We draw a per- 
pendicular at this point, and mark a point 
where the two perpendiculars meet. When 
we have performed the same operation for 
each of the values of s and A, we shall have 
the series of points indicated in Figure 1. 
A smooth, curved line is then drawn, con- 
necting the different points. This line is 
called the graph of the area of the square. 
It shows how the area increases as the 
length of the side increases. 

We can use the graph to find out the 
area of squares with sides not given in the 
tables of values. For example, if s = $3, 
we erect a perpendicular at this point, ex- 
tending it until it meets the graph. From 
the point of meeting, we erect a perpendicu- 
lar to the vertical axis. The point where 
this perpendicular meets the vertical axis 
will represent the area, which is about 30. 
The correct value is 30.25. 

If we know the area of a square, we 
can find out the approximate length of the 
side by means of our graph. Suppose the 
area is 75. From a point corresponding to 
the number 75 on the vertical axis, we draw 
a line parallel to the horizontal axis. From 
the point where this line meets the curve, 
we drop a perpendicular to the horizontal 
axis. This line will meet the horizontal 
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MILLIONS 


POPULATION IN 


CHINA INDIA U.S.S.R U.S. 


2. Bar graphs showing the populations of four 
countries in the mid-20th century, 


axis at about 8.7, the length of the side of 
the square. Here the correct value, ex- 
pressed to five decimal places, is 8.66025. 

There are many different kinds of 
graphs. The most common are the bar 
graph, the circle graph, and the line graph. 
If, for example, we would like to show how 
the populations of China, India, the Soviet 
Union, and the United States compare, we 
would draw four bars (Figure 2). The 
lengths of the bars would be proportionate 


^. Nurses sometimes maki 


COST OF MERCHANDISE 


3. Acircle graph indicating how each part of a dol- 
lar received by a department store is spent. 


to the populations in question. 

If we desired to compare parts of a 
whole quantity, we would use a circle 
graph. It could serve to indicate how each 
part of a dollar received in sales in a de- 
partment store is spent by the store (Fig- 
ure 3). Each sector of the circle, as com- 
pared to the whole circle, would show the 
proportion given to a particular service. 

When a quantity is continuously chang 
ing, we would use a line graph. In a hos- 


e line graphs of patient's temperatures, taking readings at regular intervals. 


Readings, in degrees Celsius, taken every four hours would yield a graph like this one. 


NOON 

4 P.M. 

8 PM. 
IDNIGHT 
A. 


3 s 3 à 
4 AM. 
M. 
Ni 
4 PM. 
8 P.M. 
4 AM. 
M. 


M 
BA 
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P. 
MIDNIGHT 
A.M. 


OON 
P.M. 
8 A. 


pital, the nurse makes a graph of the tem- 
perature of each patient (Figure 4). She 
takes the temperature every four hours, 


say, locates the temperature reading at a 
given point, and then connects the point 
with the preceding point by a straight line. 
The doctor who consults the chart, can 
see at a glance how the patient's tempera- 


ture is changing. 

To repeat, then, we can show how 
quantities are related by a formula, a table 
of values, or a graph, It is the formula that 
is basic. 1f a table of values is worked up, 
a scientist tries to find the formula that will 
express the relationship in question. If an 
engineer plots a graph showing the length 
of a steel cable under increasing tension, he 
works out an algebraic formula to sum up 
his findings 

Formulas are extremely important in 
many branches of pure and applied science. 
For example, to indicate the speed of a 
body having uniform rectilinear motion— 
that is, moving in a straight line at a con- 
stant speed—the physicist uses the for- 


mula v s, where v is the average speed of 


the body, s is the space or distance covered, 
and ¢ is the time required to travel this 
distance. We can apply this formula to 
specific cases by substituting appropriate 
values for v, s, or t. For example, if a car 
takes 5 hours to travel 400 kilometers, as 
indicated by the odometer, we could find 
the average speed by substituting 5 for / 
and 400 for s. The average speed, then, 


would be xx kilometers, or 80 kilometers, 


per hour. 

The chemist often has occasion to use 
the laws of Charles and Gay-Lussac, whic 
state that if the pressure and the mass of 
4 gas are constant, the volume is propor 
tional to the absolute temperature. A 
Solute temperature is based on the lowest 
Possible temperature, "absolute Zero. 
Absolute zero equals —273.16° Celsius. 
This law can be stated very concisely by 


the formula 4 ES in which V, is the vol- 


ume of a gas at temperature T,, while V; 


is the volume of a gas at temperature 7,. 

Perhaps the most famous formula of 
all is the Einstein Equation, E = me. In 
this equation E stands for the amount of 
energy, m for the amount of mass, and c 
for the speed of light (which is about 
300,000 kilometers per second), measured 
in appropriate units. With this formula 
the great 20th-century physicist Albert 
Einstein indicated the amount of energy 
that appears when matter is transformed 
into energy. The use of atomic energy 
would not have been possible without this 
formula. 


HOW EQUATIONS ARE EMPLOYED 


we saw, is P= 2/ + 2w, We know that the 
perimeter is 100 (the 100 meters of wire 


100 = 2/ + 2 x 20 = 2/ + 40. In the equa- 
tion 100 = 2/ + 40, the 100 on one side of 
the equal sign is exactly equal to 2/ + 40 
on the other side. To find out what / is, 


," If we add the same 
quantity to each side of the Cann il 
um ie ck de 
equation by th wy ue ofthe equation 
meres’ result would be 0 = 0, which 


ALGEBRA 


357 


358 


would get us nowhere in the task of solving 
the equation. Division by zero is not per- 
mitted, 

Equations may be used to solve prob- 
lems in which no formula is involved but 
in which certain data are given. Here is a 
simple problem: *A man is 6 times as old 
as his son. In 20 years, the father will be 
only twice as old as his son. How old are 
the father and son at the present time?" 

On the basis of the data, we can write 
an equation and solve the problem. First, 
we let x stand for the son's age. Since the 
father is 6 times as old as his son, his age 
can be given as 6 times x, or 6x. In 20 
years — that is, when 20 years are added to 
the son's age— the son will be x + 20 years 
old. In 20 years, the age of the father will 
be 6x + 20 years. At that time, the father's 
age will be twice that of the son, a relation- 
ship which we can express by the equation: 
6x + 20 = 2(x + 20). Applying the dis- 
tributive law to the right-hand side of the 
equation, we have 6x + 20 = 2x + 40. We 
subtract 2x -- 20 from each side of the equa- 
tion and get 4x — 20. If 4x — 20, x = 5. 
The son's age at the present time, therefore, 
is 5. Since the father's age at the present 
time is 6 times that of the son, or 6x, the 
father is 30 years old. 

Not all problems are as simple as this 
one, in which the unknown is x. The equa- 
tion may involve not only an unknown 
quantity, x, but also higher powers of x. 
If x* is the highest power occurring in an 
equation, it is called a quadratic equation. 
x? 6 = 5x is an example of such an equa- 
lion. In various equations, the highest 
power of x may be x? or x^, or there may 
be even higher powers. 


IDENTITIES 


When an equation is true for all the 
replacement values of the variables con- 
cerned, it is called an identity. A familiar 
example of an identity is (a + by = at + 
2ab + P*. As we pointed out before, this 
equation holds true no matter what values 
we assign to a and b. It can be used as an 
aid in mental arithmetic. To square 22, 
we can think of this number as (20 + 2)2, 
20 being substituted for a and 2 for b in the 
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above identity. Mentally we square 20, giv- 
ing 400; then we double 20 2, giving 80; 
finally, we square 2, giving 4. 400 4- 80 4 
4 = 484. The answer, then, is 484, 
Another identity is (a — b? = @- 
2ab + b. You can verify this by performing 


the multiplication (a — b)(a — b). We would 
have: 
a—b 
-a—b 
— abb 
a*— ab 
a? — 2ab + b 
Still another identity is (a + b)(a — b) = 
a? — b*. This also is useful in certain men- 


tal-arithmetic problems. If we wish to 
multiply 34 by 26 in our heads, we can 


change the problem to (30 + 4) x (30— 4). 
Solving this in accordance with the identity 
(a + b(a — b) = a? — b*, we have 900- 
16 = 884. 


Other well-known identities are: 

(a + b = (a? + 3a?b + 3ab? + b’) 

(a — b} = (a — 3a?b + 3ab? — b?) 

(aè — b?) = (a — b)Y(a? + ab + b?) 
EXPONENTS 


Exponents simplify the writing of al- 
gebraic expressions. Thus aaabbbec, which 
is really a continuous multiplication (a 
times a times a times b times b times ^ 
times c times c), can be written abe, 
The mathematician has derived a series of 
rules for combining exponents. The rules 
are stated in general terms; a” stands for 
the base a raised to the nth power, a", for 
the same base raised to the mth power. 


(1) a^a" = q»+m, In multiplying pow- 
ers, we add the exponents of like bases. 
Thus 2? x 23 = 22+3 = 25 = 32, 


(2) a" + am = arm, In dividing pow” 
ers, we subtract the exponents of like bases. 
This means that 25 + 2? = 25-2 = 22 = 8. 

(3) (a")" = arm, To raise a given pow- 
er by another power, we multiply the two 
exponents. For example, (22? = 2?” = 
25 = 64. 


(4) (ab) = ab, When a product is 


raised to a power, each member of the prod- 
uct is raised to that power. Thus (4 x 2)? = 
4x 2?= 16x 4= 64. 
/a\n a" 
(5) | s) b" 
raised to a given power, each member of 
the quotient must be raised to that power. 
2-2-8 


When a quotient is 


It should be noted here that a base 
with the exponent zero is equivalent to 1. 


Thus 10° = 1; 3° = 1; 1°= 1. The above 
rules for exponents apply to zero expo- 
nents. For example, a"a® = q"*9 = q"; 
53 X 5° = 53+0 = 53 = 125, 


A base with a negative exponent is 
equal to the reciprocal of the base (a ) 
with the corresponding positive exponent. 


Thus 2-? = i. Negative exponents follow 


the rules for exponents, Thus aa? = 
q793 = q2 = 4. 10-7 x 105 = 10-7+5 = 
a 


| nf 
10? 100° 

Exponents can also occur in the form 
of fractions. Thus we have a, a", p.i 
50 on. a'® means the square root of a 
(Va); a! means the cube root oa C 9 
4'^ means the fourth root of a (Wa). The 
numerator in fractional exponents need not 
necessarily be 1. We frequently deal with 
exponents such as 2 and $ In such cases, 
the numerator stands for a power of a 
base and the denominator for the root of a 
base. 102°, for example, is equal to V 10% 

All fractional exponents, whether or 
not the numerator is 1, follow the rule for 
exponents, For example, 10? x 10% = 
1022/5 = 108/3 = NV 108. 


10-2 = 


EXPRESSING VERY LARGE OR VERY 
SMALL NUMBERS 


Exponents provide a convenient way 
of writing very large or very small num- 
bers. We know that 1,000,000 is 10°, the 
€xponent 6 representing the number 


zeros after 1. We could indicate 5,000,000 
as 5 X 1,000,000, or 5 x 10% To write 
5,270,000, we would multiply 1,000,000 or 
10 by 5.27. The number would be written 
as 5.27 x 10*. In other words, we can ex- 
press a large number as the product of two 
numbers: the first a number between | and 
10; the second, a power of 10, 

The number 5,270,000 is not too for- 
midable and we can grasp it readily enough. 
But consider the problems that would arise 
if, in our calculations, we had to use a num- 
ber such as 602,000,000,000,000,000,000,- 
000. It represents the number of molecules 
in 18 grams of water, and it is called Avo- 
gadro's number, after the early 19th-cen- 
tury Italian scientist Amedeo Avogadro, 
who worked out the value. It is used in a 
great many scientific calculations, but 
practically never in the form in which we 
have given it, Instead, it is written as 
6.02 x 109, 

The 20th-century American mathe- 
matician Edward Kasner invented a new 
system of indicating extremely large num- 
bers. He coined the word "googol" to 
express the number 109, which would be 
equivalent to 1 followed by 100 zeros. He 
invented another term, the "googolplex," 
to stand for 109", or the figure | followed 
by a googol of zeros—that is, 10,000 
zeros. 

Exponents can be used just as effec- 
tively to express very small numbers. Since 
a minus exponent indicates how many times 


the fraction is is repeated as it is multi- 


Hush ee a 
plied by itself, 10° = 4, X 4, * 157 001. 


the ex t 3, in 10>, repre- 
d espe oí duis after the decimal 
point in the number .001. .005 could be 
written as 5 X .001, or 5 X 10. Now con- 
sider a much smaller number. The wave 
length of red light is 0.00000077 meters. 
We can write this number as 7.7 x 0000001 
meters, or 7.7 X 10-7 meters. Ke 


(1) a number between 1 and 10 and (2) a 


of 10 is called scientific notation. It 
is widely used by scientists and engineers. 
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CALCULATIONS WITH LOGARITHMS 


Exponents have also been put to work 
to simplify arithmetical calculations. Sup- 
pose that we represent numbers as powers 


Mpina imt dap nel 
of 2. We know that 2? —5,— 5: 21 = 
Ll, ij, 1 32; 2 = 4; 2-8 
215 ux 


2* — 16; and so on. Expressed as a power 
of 2, therefore, OF 2578 208: L or .5, 


is 2-1; 1 is 2°; 2 is 2; 4 is 25; 8 is 2; 16 
is 24, Let us now make a table setting 
down (1) certain numbers; (2) these num- 
bers expressed as powers of 2; (3) the ex- 
ponents in question. 

Consider the problem .25 x 1024. The 
table shows that .25 = 2-? and that 1024 = 
210, The problem then becomes 2-? x 21°, 
Applying the first law of exponents given 
above, we have 2-2 x 210 = 2-2+10 = 28, 
Consulting the table, we find that 25 = 256. 
256, then, is the answer to the problem 
-25 X 1024, We have changed a problem in 
multiplication into a problem in addition 
—a simpler operation. 

Let us take another problem: 1024 + 
32. Looking at the table, we see that 1024 
is 2!" and that 32 is 25. Applying the sec- 
ond law of exponents, we have 2! + 25 = 


EXPONENT IN 
PRECEDING 
COLUMN 


NUMBER EXPRESSED 
AS POWER OF 2 


NUMBER 
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210-5 = 25, We now consult the table and 
find that 25 is equal to 32. This is the answer 
to 1024 + 32. In this case, we have changed 
a problem in division into « simple prob- 
lem in subtraction. 

Our next problem is to raise 4 to the 
fifth power. In other words, we want to 
know what 4° would be. The table shows 
us that 4 is 2%. From the third law of ex- 


ponents, we know that (2°) 22x5 = 210, 
2", according to the table, is 1024, which 
is the answer. We have solved our problem 
by a single multiplication instead of mul- 


tiplying 4X4 xX4x4x4 
Suppose we wish to get the square root 
of 1024. According to the table, 1024 is 


210, To get the square root o! a given pow- 
er, we divide the exponent indicating that 
power by 2. Hence the square root of 
210 = 21*? = 25, Dividing the exponent 
indicating the power by 2 is really in ac- 


cordance with the third law of exponents. 
The square root of a number, as we have 
seen, is equivalent to the same number with 


i 
the exponent 7. The square root of 2", 


therefore, can be expressed as (29). 


Remember that to multiply a number by 


; is the same thing as to divide it by 2. The 
table shows that 25 = 32 
square root of 1024. 
When a number is expressed as à 
power of a given base — in this case the base 
two—we call the exponent that indicates 
the power the /ogarithm of the number. All 
the exponents in the third column of the 
table are the logarithms, to the base two. 0 
the numbers in the first column. —2 is the 
logarithm of .25 when the base is two. As a 
mathematician would put it, log,.25 =-2, 
Also when the base is two, the logarithm of 
4 is 2; the logarithm of 64 is 6. To multi- 
ply numbers, we add their logarithms. TO 
divide numbers, we subtract their loga- 
rithms. To raise a number to a given poweh 
we multiply the logarithm of the number 
by the power in question. To obtain the root 
of a number, we divide the logarithm of the 
number by the desired root. After we have 
added, or subtracted, or multiplied, or ¢” 


32, then, is the 


NUMBER 
EXPRESSED AS 
POWER OF 10 


LOGARITHM 
TO THE BASE 
TEN (LOG10) 


NUMBER 


vided in this way, we find the number that 
corresponds to the resulting logarithm. 

All the logarithms we gave above were 
to the base two. Most tables of logarithms 
are given to the base ten. Let us now pre- 
pare another table, giving (1) a series of 
numbers; (2) the numbers expressed as 
powers of 10; (3) the logarithms of the 
numbers — that is, the exponents when the 
numbers are expressed as powers of 10. 

To solve the problem .0001 x 100, we 
consult the table and find the logarithms 
of .0001 and 100 (—4 and 2, respectively), 
add the logarithms (—4 + 2 = —2) and 


find the number corresponding to the loga- 
rithm —2. This number, as we see from the 
table, is .01. We can also do such problems 
as 10,000 + .0001, 10* and V/10,000. 


Of course, to be serviceable, a table 
of logarithms would have to include the 
logarithms of other numbers besides those 
given above. It would have to give, for 


example, not only the logarithms of 1 and 
10, but also those of 2, 3, 4, 5, 6, 7, 8, and 9. 
We know that since 1 = 1° and 10 = 10", 


the logarithm of 2 would be between 0 and 
l. Mathematicians have calculated that it 
is 0.301. This means that, expressed as a 
power of 10, the number 2 is 10°. The 
integer part of the logarithm (0 in this case) 
is called the characteristic. The decimal part 
(.301) is called the mantissa. 


LOGARITHM 
(BASE TEN) 


NUMBER 


9 0 wo 0o ROM 


o 
- 


We give only three decimal places for 
the sake of simplicity. Logarithms have 
been calculated to more than twenty places. 
Depending upon the accuracy desired, one 
would use a four-place table, or a five-place 
table, or a seven-place table and so on. 

The logarithms of the other numbers 
from 3 through 10 have also been worked 
out, as you can see on the table. 

Using the table, let us multiply 2 
by 4. We add 0.301, the logarithm of 2, 
and 0.602, the logarithm of 4, and we get 
the logarithm 0.903. Consulting the table, 
we see that 0.903 is the logarithm of 8. 
A mathematician would say that 8 is the 
antilogarithm, or antilog, of 0.903. An anti- 
logarithm is the number that corresponds 
to a given logarithm. 8, therefore, is the 
answer to the problem 2 X 4. Let us now 
divide 9 by 3. The logarithm of 9, as we see 
from the table, is 0.954. The logarithm of 
3 is 0.477. Subtracting 0.477 from 0.954, 
we get 0.477. The table shows that 0.477 
is the logarithm of 3. Hence 9 — 3 — 3. 

Our table of numbers and logarithms 
to the base ten gives only ten numbers. 
Mathematicians have prepared tables mak- 
ing it possible to find the logarithm of any 
number whatsoever. The tables give only 
the mantissas. We can determine the char- 
acteristic in each case by inspection. For 
example, the logarithm of the number 343 
must be between 2 and 3, since 100 = 10? 
and 1,000 = 10?. The logarithm, then, must 
be 2 and a fraction. The characteristic must 
be 2. If we look up a five-place table in 
order to find the mantissa of 343, we ob- 
serve that it is equal to .53529. Putting 
together the characteristic 2 and the man- 
tissa .53529, we have the logarithm 
2.33529; f 1 3 i 

In calculations involving arithmetical 
problems, we can often save a tremendous 
amount of time by consulting à table of 
logarithms. Of course we would not use 
logarithms to get the answer to 4 X 5 or 
72 + 9. But suppose we had to perform 
the various operations in a problem such as: 


—2.953 x 5.9135 x W5.973 
49.743 X 0.35947? 
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If the methods of arithmetic were used, this 
would be a most laborious task. It could 
be done in a few minutes if we employed 
logarithms. 

Logarithms to the base ten are called 
common logarithms. Other bases have been 
used. In the so-called natural logarithms, 
the base is 2.71828 . . . ., generally indi- 
cated by the letter e. Natural logarithms 
serve widely in various types of higher 
analysis because they lead to comparatively 
simple formulas. 


ALGEBRAIC SEQUENCES AND SERIES 


Many events seem to recur in regular 
sequences. The sun “rises” every day. 
The planets revolve in their orbits around 
the sun so regularly that astronomers can 
calculate their positions years in advance. 
People have analyzed periodic happenings 
by means of algebraic sequences and series. 
A sequence is a succession of numbers. 
A series is a sum of numbers in a sequence. 
The results of these analyses are sometimes 
used to predict future happenings. We shall 
briefly consider here the arithmetic and 
geometric sequences and the binomial 
series, 

The arithmetic series. In an arith- 
metic sequence, each term, after the first 
one, is formed by adding a constant quan- 
tity to the preceding term. An example of 
such a sequence is 1, 3, 5, 7, 9, 11513515; 
in which 2 is added to each succeeding 
number of the sequence. If a stands for 
the first number, d for the constantly added 
number, and n for the total number of terms, 
we can represent the arithmetic sequence 
algebraically by this formula: 


a, (a+d),(a+2d)..... [a *- (n — Dd] 


Here [a + (n — 1)d] is the nth term. 

If we add n terms together, the sum of 
the terms is called a series and can be ex- 
pressed in the formula 


5 (sum) =. [2a + (n— 1)d] 
Let us apply this formula to the sum of the 
terms in the sequence given above: 15325; 


7559; 1l, 13, 15. Here there are eight 
terms in all. The first term is 1. The quan- 
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tity that is constantly added is 2. Substi- 
tuting these values for n, a, and d: 


s=$2x1+(8~1) x3 


If you work out the arithr 
you will find that the sum of 
is 64. You can verify this ^ 
eight terms of the sequenc 


tic involved, 
e eight terms 
adding the 


The arithmetic series very useful 
in various types of calculations. It serves, 
among other things, in finding the total 
cost of an item that you are buying on the 
installment plan. Suppose you buy a piano 
for $1,000. You pay $400 down and agree 
to pay the other $600 in 20 monthly install- 
ments of $30 each, plus the interest at 6 
per cent on the unpaid balance. Let us 
apply the arithmetic series he problem 


in order to determine the tota! interest pay- 


ments that will be required 


The six-per-cent inte: means “6 
per cent yearly." The instaliment period 
is a month, or /12 of a year. The first of 
these payments is /12 X .06 x $600 (the 


unpaid balance), or $3.00. Each month the 


interest is less than in the preceding month, 
since the unpaid balance is reduced by $30. 
You would pay 1/12 x .06 x $30, or $.15 less 


interest than the month before. The interest 
payments, therefore, would be $3.00 (for 
the first month), $2.85 (for the second 
month), $2.70 (for the third month) and 
so on until the 20 installments would be 
paid. Going back to the formula for the 
sum of an arithmetic series, we see that n 
(the number of terms) is 20 in this case; 
that a (the first term) is $3.00; that d (the 
number added to the different terms) 1$ 
—.15. Making the appropriate substitutions 
in the formula, we have: 


s=2x K2 x 3.00) + (20 — 1) x-.15] 


The answer, representing the total interest 
paid, is $31.50. 

The geometric sequence. In à geo 
metric sequence, each term, after the first 
one, is formed by multiplying the one be 
fore it by the same fixed quantity. A tYPl 
cal geometric sequence is 1, 2, 4, 8, 16, 


which the fixed term used as the multiplier 
is 2. Algebraically, any geometric sequence 
can be represented as: 


a, GF, a. s . «2 Se art 


where « is the first term, r the constant 
multiplier, and n the number of terms. The 
sum of ;; terms of a geometric sequence— 
a sum called a geometric series—is given 
by the formula: 
s= 


am-—a 
LT 


RV 


Applying it to the series 1+2 -- 4-- 84- 16, 
you will find that the sum is 31. 

The geometric series plays an impor- 
tant part in the mathematics of finance. It 
is used, among other things, in figuring 
compound interest. Suppose that we put 
$100 in a bank and that the interest is 
3 percent, compounded annually. Interest 
is said to be compounded when it applies, 
not to the principal alone, but to the princi- 
pal plus the unpaid interest, periodically 
added to the principal. At the end of the 
first year, the principal plus interest would 
come to $100 plus $3.00 (representing the 


5. A binomial series, reading 
downward. Each member of 
such a series, after the first, 
is formed by multiplying the 
preceding member by a 4 b. 
For example, a + b, multi- 
plied by a + b, equals a^ + 
2ab +b°. 


6. Here the coefficients of 
the different powers of a and 
b, in a binomial series, are 
arranged in the same order 
as in Figure 5. A coefficient 
is a multiplier. For example, 
2 is the coefficient in 2ab. 
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interest), or a total of $103. We could 
write this as $100 X 1.03. For the next 
period—that is, for the second year—we 
would receive interest of 3 per cent on 
$103. Hence the total amount at the end of 
the second year would be $103 + (.03 x 
$103). Expressed somewhat differently, the 
amount in question would be equal to 
$100 x 1.032. 

To repeat, then: at the end of the first 
year, the total amount we would have in 
the bank would be $100 x 1.03; at the end 
of the second year, we would have $100 x 


7. The pegs (a, b, c, d, e, f, 
and so on) in this shallow 
box are in the exact posi- 
tions of the numbers in Fig- 
ure 6. The walls that extend 
from the bottom pegs form a 
series of compartments at 
the bottom of the box. 


8. If we drop 64 disks, one 
by one, in the box shown in 
Figure 7, they will make their 
way down the pegs about as 
indicated. The ratios of the 
disks hitting the pegs in 
each row (right) reproduce 
the triangle in Figure 6. 


Vx 
MG 
MEL UN 


“aS WAAR S 
ee ea ae 
ES a 3304 00 4 s 


ALGEBRA 


1.03*. Following the same procedure, we 
would have $100 X 1.03* at the end of the 
third year; $100 X 1.03* at the end of the 
fourth year and so on. This represents the 
geometric sequence 


$100, $103, $106.09, $109.27, $112.55... 


in which 1.03 is the fixed term that is used 
as the multiplier. 

At the end of n periods, the total 
amount of money in the bank would be 
$100 X 1.03", For ten interest periods, the 


sum would come to $100 X 1.03", Calcu- 
lating by logarithms, we find that 1.03" = 
1.344. 1.344 X $100 = $134.40; $100, at 
3-per-cent interest, compounded yearly, 
would be $134.40 at the end of ten years. 

The binomial series. A binomial con- 
sists of two terms connected by a plus or 
minus sign. a + b, 2x + z, and x? — y? are all 
binomials. The binomial series is the sum 
of terms based on the expansion of the 
power of a binomial. The series for (a + b)! 
is a + b. For (a + b)*, we obtain the series 
by multiplying a + b by a+ b, giving a? + 
2ab + b?. The series for (a + b) is obtained 
by multiplying a? + 2ab + b? by a+ b. This 
gives a? + 3a?b + 3ab? + D?. We can arrange 
these binomlal series and also those for 
(a+ b)', (a + b)», and (a + b* as in Figure 5. 

Suppose now that, instead of the dif- 
ferent powers of a and b, we give only the 
coefficients — numerals or letters used as 
multipliers — and reproduce the triangle in 
this modified form as shown in Figure 6. 
You will note that we add the number 1 at 
the peak of the triangle. 

Let us now put a series of pegs in a 
shallow box, in the exact positions of the 
numbers of the numerical triangle, as 
shown in Figure 7. The pegs are to be just 
far enough apart so that a small disk will be 
able to pass between them. We cut out a 
small section of one side of the box (which 
will be the top), as indicated in the figure, 
and we also build a series of walls extend- 
ing from each of the bottom pegs, so as to 
form a series of compartments. ; 

We keep the box in a tilted position 
so that when a disk is dropped through the 
gap at the top, it will make its way through 
the maze of pegs to one of the bottom com- 
partments. Now we drop 64 disks one by 
One into the box through the gap. We can 
expect that half of the disks that hit a peg 
Will fall to the left of it and the other half 
to the right. Hence 32 disks should drop 
to the left of peg a and 32 to the right of 
the peg. Of the 32 that fall to the left and 
Strike peg b, 16 should fall to the left of b 
and should strike peg d; 16 should fall to 
the right of peg b and should hit peg e. Of 
the 32 disks that hit peg c, 16 should strike 
peg e and 16 should strike peg f. That 


means that 32 disks in all will hit peg e. We 
can indicate how the disks should fall on 
their way to the bottom compartments by 
the diagram in Figure 8. 

As we have seen, 32 disks should strike 
peg bin the second row and 32 should strike 
peg c. 32 and 32 are in the ratio 1-1. In 
the third row, 16 should strike d; 32 should 
strike e and 16 should strike f. The ratio 
between 16, 32 and 16 is 1-2-1. Going 
down the rows, the ratios of the disks strik- 
ing the different pegs would be 1-3-3-1 in 
the fourth row, 1-4-6-4-1 in the fifth row 
and 1-5-10-10-5-1 in the sixth. The disks 
in the seventh row would follow the distri- 
bution 1-6-15-20-15-6-1. Note that these 
ratios all correspond exactly to the coeffi- 
cients of the binomial series in Figure 6. 

In an actual experiment, the disks will 
not fall exactly as we have indicated. Some 
compartments will have one or two more 
than the number predicted. Others will have 
one or more less. Yet in every case the 
result will be nearly that which was fore- 
cast. If the experiment is repeated over 
and over again, in a great number of trials, 
the number in each compartment will agree 
more and more closely with the expected 
number. Thus the coefficients of the bino- 
mial series provide an effective means for 
calculating probabilities when the chances 
of an event occurring are even. 


USED IN STATISTICS AND PROBABILITY 


To determine probabilities when the 
chances are not even, other algebraic analy- 
ses have been made. The subject that deals 
with such analyses is called statistics. It is 
used in many fields, including insurance. In- 
surance companies can, for example, predict 
with fair accuracy life expectancies and how 
much in premiums and interest they will col- 
lect during the lifetime of a person with in- 
surance. To make insurance work, the com- 
pany must collect enough to be able to pay 
the insurance when the client dies. Probabil- 
ity and compound interest, as developed by 
algebra, are therefore the bases on which in- 
surance is built. Thus algebra, which began 
by examining the relations of arithmetic op- 
erations, has become an interpreter of our 
experience and a guide for the future. 
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Thomas R. Taylor, Photo Researchers 


Examples of geometry can be found in infinite variet 
science, and art. Above left: the shell of a chambered r 
whose dimensions increase uniformly. Above right: the 
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is a testimony to ancient peoples’ knowledge of geometry 


PLANE 
GEOMETRY 


by Howard F. Fehr 


When we pass from arithmetic and al- 
gebra to geometry, we enter a world of 
shapes Occurring in space—a world of 
points, lines, surfaces, and solids. We study 
the properties of these shapes and the rela- 
tions between them. We learn to measure 
them. At the outset, geometry was used to 
solve specific problems, but in the course of 
its development it became a thoroughly 
abstruse subject. However, this abstruse 
branch of mathematics can often be put to 
practical use, as we shall see, 

The beginnings of geometry go back 
far into prehistory. As the Population of a 
given region grew, the natural dwelling 
Places available did not Suffice. It became 
necessary to build shelters, big enough to 
house families and strong enough to with- 
stand winds, rain, and storms, To make a 
Shelter the proper size, a person had to 
compare lengths. Thus the roof had to be 
higher above the ground than the top of the 
head of the tallest person. 


PLANE GEOMETRY 


ighout nature, 

forms a spiral 

yramid at Giza 

The ancient Baby! were pi- 
oneers in this branch of : matics. The 
land between the Tigris uphrates riv- 
ers, where the Babylonia: elt, was orig- 
inally marshland. Canals built to wv 
the marshes, and to catcl overflow 0 
the rivers. For the purpo f canal con- 
struction, it was necessa! survey the 
land. In so doing, the bylonians de- 


veloped rules for finding areas. These rules 
were not exact, but the results they gave 
sufficed for canal construction 

In Egypt, the people who had p 
along the banks of the Nile River ve 
taxed according to their holdings. In e 
rainy season, the river would ipe 
banks and spread over the land, washing 
away all landmarks. It became necesn 
therefore, to remeasure the land so thal 
each owner would have his rightful shen 
After the floods had subsided, specially 
trained men, called rope-stretchers, ee 
establish new landmarks. They ot 
ropes knotted at equal intervals so ma pr 
could measure out desired lengths an z 
vide the land into triangles, rectangles, a 
trapezoids. 

They devised practical rules for 
areas of these figures. The rules were p 
Tough-and-ready variety and were E 
inexact. We know today, for example. 


the area of any triangle is one-half the 
product of its altitude, or height, and its 
base. The Egyptians erroneously gave this 
area as one-half the product of the base and 
aside. However, most of the triangles used 
in their surveying work were long and nar- 
row (Figure 1); and in such triangles there 
is not too much difference in length be- 
tween the side and the altitude. Hence the 
results of the Egyptians’ calculations 
served as a pretty fair basis for the allotting 
of land and the taxation of landowners. 


GEOMETRY BECOMES A DISCIPLINE 


The Greeks called the early Egyptian 
surveyors geometers, or earth-measurers 


(from the Greek ge: “earth” and metria: 
"measurement"). The geometers found out 
many facts about triangles, squares, rectan- 


gles, and even circles. These facts became a 
body of knowledge that the Greeks called 
geometry, or “the study of the measure- 
ment of the earth.” Geometry today in- 
volves much more than it did at that early 
stage: yet it is still concerned with the sizes, 
shapes, and positions of things. 

The Greeks made important advances 
in the field of geometry. They not only cor- 
rected many of the faulty rules of the Egyp- 
tians, but also studied the different geo- 
metrical figures in order to work out rela- 
tionships. Thales, a Greek mathematician 
who lived 2,500 years ago, discovered that 
no matter what diameter one draws ina cir- 
cle, it always bisects the circle—that is, 
cuts it into two halves (Figure 2). He also 
noticed that if two straight lines cross each 
other, the opposite angles are always equal, 
no matter at what angle the lines cross (see 


1. In this long and narrow triangle, 
each side is not a great deal longer 
than the altitude. The Egyptians 
used such triangles in surveying. 


side 


aand b in Figure 3). This was the beginning 
of the study of figures for the sake of dis- 
covering their properties rather than for 
practical use. The Greeks changed geome- 
try from the study of land measurement to 
the study of the relations between different 
parts of the figures existing in space. This is 
what geometry means today. 

After Thales, other Greek mathemati- 
cians discovered and proved facts about 
geometric figures. They set forth these facts 
in statements called theorems. They also 
devised various instruments for drawing 
figures. By custom, the only instruments 
allowed in the formal study of geometry 
were an unmarked straightedge, or ruler, 
for drawing straight lines and a compass for 
drawing circles and transferring measure- 
ments (Figure 4). 

The Greeks proposed various con- 
struction problems, to be solved with only 
the straightedge and the compass. Among 
these problems were the following: (D 
Construct a square whose area exactly 
equals that of a given circle — called squar- 
ing the circle. (2) Construct the edge of a 
cube whose volume will be exactly twice 
the volume of a given cube —called dupli- 
cating the cube. (3) Construct an angle 
equal to exactly one-third of a given an- 
gle —called trisecting the angle. For over 
twenty-two centuries, mathematicians at- 


2. Each of the two diame- 
ters shown in the drawing 


cuts the circle in halves. 


3. Iftwo lines cross, the opposite angles are always 
le 1 = angle 2 and angle 3 = angle 


equal. In a, angl 
4.Inb, 5 = 6and7 = 8. 


a 
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4. By custom, the ancient Greeks used only an un- 


marked straightedge and compass in geometry. 


tempted to solve these problems, without 
success. Finally, in the nineteenth century, 
it was proved that it is impossible to square 
the circle, duplicate the cube, or trisect an 
angle if one uses only the straightedge and 
compass. It is possible, however, to make 
these three constructions with specially- 
designed instruments. Such constructions 
fall in the domain of higher geometry. 


EUCLID- ORGANIZER OF GEOMETRY 


By the fourth century B.c., there had 
grown up a vast body of facts concerning 
geometric figures, but for the most part 
these facts were unrelated. There were 
many theorems about triangles and circles, 
some about similar figures and areas, but no 
orderly arrangement. The learned Greek 
mathematician Euclid, who taught at the 
Museum of Alexandria, in Egypt, about 
300 B.c., was the first man to apply a logi- 
cal development to the mathematical 
knowledge of his time. He presented this 
development in his Elements of Geometry. 

Euclid relized that it is not possible to 
prove every single thing we say and that we 
must take certain things for granted. He 
assumed that everybody knows and uses 
properly Such words as "between," “on,” 
“point,” and “line”; hence it is not neces- 
sary to define them. He used these unde- 
fined terms to give definitions of various 
figures. Thus he defined a circle as “a 
closed curved line every point of which is 
the same distance from a fixed point called 
the center." Again, Euclid noted that one 
cannot prove certain statements of rela- 
tions between geometric figures. An exam- 
ple would be: “Only one Straight line can be 
drawn between two points.” Euclid called 
such statements common notions, Today we 
call them postulates. 
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5. Iftwo sides of a triangle are equal, the 


angles opposite 
these sides are equal; that is, if | = Il, 2. 


Euclid used undefined terms, defini- 
tions, and postulates to prove theorems 
about geometric figures. ^ theorem is a 
statement that gives certain facts about a 
figure and that concludes from these facts 
that a certain other fact must be true. A typ- 
ical theorem is “If two sides of a triangle 
are equal, the angles opposite these sides 
must be equal" (Figure 5). The theorem 
states the facts that (1) there is a triangle 
and that (2) two sides of the triangle are 
equal. It then draws the conclusion that two 
ofthe angles of the triangles are equal. Once 
atheorem is proved, it can be used to prove 
other theorems. 

Euclid built up a logica! chain of theo- 
rems that introduced order in what had 
been a chaos of more or less unrelated 
facts. Besides organizing a vast body of 
knowledge about geometric figures, he in- 
troduced a method of treatment that be- 
came a model for the development of other 
branches of mathematics and pure science. 
This method is as valid today as ever. 


TWO DIMENSIONS 


The first branch of geometry we shall 
consider is plane geometry —the study of 
points, lines, and figures occurring in planes. 
Just what do we mean by these terms? 

A point is the simplest element in £e 
ometry. It has neither length nor width nor 
thickness, which is another way of saying 
that it has no dimensions at all. We can rep- 
resent a point by a dot, made with a ler 
pencil or a piece of chalk. Such a dot is E 
a geometric point but a physical point, sine a 
it has length, width, and thickness, howev®! 
small these dimensions may be. In ge% 
metric constructions, we have to use phys! 
cal points, such as pencil dots, to represen! 
geometric points, because it would be 1m 


possible for us to set down on paper a point 
with no dimensions. 

If there are two different points, the 
shortest distance between them is a straight 
line. This line segment has only one dimen- 
sion, called length. It does not have width 
and thickness. A straight line that we draw 
on paper with a pencil does have width and 
thickness. Hence, when we draw a line in 
constructing a geometric figure, we are 
again giving a physical representation of a 
geometric element. 

If we were confined to a world having 
only one dimension, such as length, we 
would have a rather dull time of it. We 
would be points on a line, being able to 
move only forward and backward and al- 
ways bumping into points ahead of us or 
behind us. In Figure 6, the points A and B 
and the segment CD are all parts of the line 
shown in the figure and must always stay 
within the line. 

Suppose now that we selected a point 
P outside the line. The lines drawn through 
the point P and meeting the original line 
create a series of figures existing in a plane. 
A plane is a surface having the two dimen- 
sions of length and width (Figure 7). The 
surface of a table top is a plane. A continua- 
tion of the surface would represent part of 
the same plane. If we were points in a two- 
dimensional world, we could move freely in 
any direction, except out of the plane. Our 
world would have other points like our- 
selves, and also lines. There would also be 
a great variety of figures — made up of com- 
binations of points and lines — figures such 
as triangles, squares, circles, and so on. 


ANGLES IN PLANE GEOMETRY 


The name ray is given to the part ofa 
line that starts at a given point. A plane fig- 
ure formed by two rays having the same 
starting point is called an angle. In Figure 
8, AB and BC are two rays with the same 
starting point, B. The angle formed by the 
two rays is ABC. You will note thatletter B , 
standing for the starting point, is inserted 
between letter 4, on one of the two rays 
and letter C, on the other ray. That is how 
angles are always indicated. 

If two lines meet so that all the angles 


A B C D 


——9 9  -————— —— 


6. Points A and B and the length CD are parts of the line 
above and must always stay within the line. 


P 
E^ 
A B 


7. Lines drawn from P to the line AB create a number of 
figures (such as PCD) occurring in a plane. 


A 
B 

C 
8. In the above, AB and BC are two rays having the 
same starting point, B. They form angle ABC. 


EN 
r4 


i h other; the 
9. Lines AB and CD are perpendicular to eacli : 
angles at E are right angles, each having 90* The arcs 
cut off on the circle also each have 90° 
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formed are equal, the lines are said to be 
perpendicular and the angles are called right 
angles. In Figure 9, AB is perpendicular 
to CD and the four angles—AEC, BEC, 
AED, and BED —are all equal. If we draw a 
circle about point E, its length, called its 
circumference, can be divided into 360 
units, called degrees and written with the 
symbol °. The parts of the circle labeled 
IG, GH, HF, and FI are called arcs. Each 
arc has 90* since the circumference of the 
circle is divided into four equal parts by 
lines 4B and CD. The angle at the center of 
the circle has the same number of degrees 
as the arc it cuts off on the circle. Hence 
each of the four angles we mentioned above 
has 90°. In other words, a right angle has a 
measurement of 90°. 

If an angle is less than a right angle— 
that is, if it has less than 90°—it is called 
acute. It is obtuse if it is greater than a 
right angle— that is, if it has more than 90°. 
When the obtuse angle becomes so large 
that its sides form a straight line, it is a 
straight angle and has 180°. An angle 
larger than a straight angle is called a reflex 
angle: of course it must have more than 
180*. Figure 10 shows these different kinds 
of angles. Angles can be measured by the 
instrument called the protractor. It consists 
Of a semicircle divided into 180 parts, 
each part representing one degree of angle 
at the center (Figure 11). As we shall see, 
angles play an all-important part in the 
study of geometry. 


THE STUDY OF TRIANGLES 


A distinct part of a line — the distance 
between two particular points—is called a 
line segment. When three line segments 
connect three points in a plane, they form a 
triangle. Figure 12 shows the three differ- 
ent kinds of triangles that can be made. 
There are literally thousands of theorems 
abont the sides, angles, and lines in trian- 
gles. 

One of the first theorems proved in 
plane geometry is “If three definite lengths 
are given, such that the sum of any two 
lengths is greater than the third length, it is 
possible to use the lengths in making a 
triangle that will have a definite size and 
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Acute 
Right 
Obtuse 
Straight 
Reflex 


viore than 90° 
~ 


More than 
180° 


1cute to reflex, 


10. The different types of angles. tror 


11. Angles are measured by a device called a protractor. 


ANN 


Acute-angled Right-angled Obtuse-angled 


12. Above are the three kinds of triangles. 


1 
— 2 
2 3 2 
_ ii T 
a b 
1 


b, 
13. Ina three line segments (1, 2, and 3) are shown. In 
these segments are joined to form a triangle. 


shape” (Figure 13). Since the shape never 
varies, 2 construction built in the form of a 
triangle will be rigid and will not “give.” 
Because of this property, interlocking 
triangles are used in all bridge and build- 
ing design in order to prevent a structure 
from collapsing. A figure of four sides, each 
of a definite length, could have many dif- 
ferent shapes, as shown in Figure 14. A con- 
struction built in this shape would be col- 
lapsible. Hence it cannot be used in rigid 
construction unless it is braced by a diago- 
nal. Each diagonal makes two triangles of a 
four-sided figure (Figure 15), and each of 
these triangles is rigid. 

The most famous and perhaps the most 
important theorem in plane geometry is one 
dealing with a right triangle. A right triangle 
isa triangle having a right angle. It is called 
the Pythagorean theorem, after its discov- 
erer, the Greek philosopher Pythagoras, 
who lived in the sixth century B.c. This 
theorem states that “The sum of the 
squares on two sides of a right triangle is 
equal to the square on the hypotenuse (the 
side opposite the right angle).” In the right 
triangle in Figure 16, the sides are 3, 4, and 
5 units in length. The side with 5 units is the 
hypotenuse. We draw the three large 
squares as shown: the first with a side (AB) 
consisting of 3 units, the second with a side 
(BC) consisting of 4 units, the third with a 
side (4C) consisting of 5 units. According 
to the Pythagorean theorem, (4B)? + (BC)? 
— (AC ?. In this case 32 + 4 — 5%, or 9 + 16 
= 25. We can verify this by counting the 
small squares, each with a side a unit long, 
in the three large squares. There are 9 small 
squares in square ABED, 16 in square 
BCGF, and 25 in square ACIH. 

Figure 17 shows how the two smaller 
squares on the sides of a right triangle can 
be cut up so as to form the square on the 
hypotenuse. This is another confirmation of 
the Pythagorean theorem. x 

It follows from this theorem that if a 
triangle has sides such that the sum of the 
squares of the two smaller sides is equal to 
the square of the largest side, the angle 
opposite the largest side is a right angle- 
This theorem has various practical applica- 
tions. The carpenter uses it to see whether 


4 


14. In these four-sided figures, the sides marked 1 are all 
equal; so are the sides marked 2, 3, and 4. 


15. To brace the four-sided construction, the diagonal 
piece BD is inserted, making two rigid triangles. 


16. In a right triangle, such 
as ABC, (AB)? + (BC)? = 
(AC)? This is the Pythago- 
rean theorem. 


F 


17. How to cut up the two 
smaller squares on the 
sides of a right triangle to 
form a square on the 
hypotenuse. 


G 


fi. 


Z^. 
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off 


18. If the wall is perpendicular to the floor, the triangle will 


fit snugly. 


A 
TaN 
B + c 


19. F E and D are the midpoints of sides AB, AC, and 
BC. Note that the three lines FC, BE and AD meet at G. 
The text points out other interesting things about G. 


Altitude 


AL 


20. The three triangles above have equal bases and al- 
titudes. Hence the areas of the triangles are also equal. 


21. Triangles with equal Corresponding angles are similar. 
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a wall is perpendicular to the floor. | 
boards of 6, 8, and 10 meters for exa 

are joined together as shown in Figure | 
the angle between the 6- and 8-me 
lengths must be a right angle, since 62+, 
10*, or 36 + 64 = 100. If the wall is truly 
perpendicular to the floor. the triangle wil 
fit snugly. d 

The Pythagorean theorem is on 

many that reveal an unexpected and imp 
tant relationship. Here is another instan 
of such a theorem. In the triangle AB 
Figure 19, D, E, and F are the midpoint 
the sides BC, AC, and AB. The points 
B, and C are the vertexes of the triangle 
we connect the vertex A to the midpoint, 
of the opposite side, BC, the line A 
called a median. Let us draw the two 
medians of the triangle, CF and BE. 
learn what we had not suspected—th 
these three medians all pass through tl 
same point G, inside the triangle. We 
learn that G on any of the medians is 
thirds the distance from the vertex to 
opposite side. Plane geometry offers p 
of these statements. Here is another ii 
esting fact about G. If we cut outa tri 
of cardboard and draw the three m 
as in Figure 19, we can balance the triang 
on the blunt end of a lead pencil if we put 
this end directly under G. This point 

called the center of gravity. ‘ 


EQUAL AND SIMILAR TRIANGLES 


When triangles have the same size, 
area, they are called equal triangles. A 
triangles with equal bases and altitudes al 
equal although they may have many 
ferent shapes (Figure 20). 

Some triangles have the same $ 
but are different in size. They are known? 
similar triangles. The corresponding a 
of similar triangles are equal and their co! 
responding sides are always in the same? 
tio. Thus the two triangles I and II show 
in Figure 21 are similar because the cO 
sponding angles are equal. Each side Ol 
triangle II is 3 times as great as the CO 
sponding side of triangle I. Om 

Similar triangles are used in drawing 
Scale. In making a map. for example: 
represent a large area of land on a S! 


piece of paper. Suppose site A, in Figure 
22a, is 30 kilometers from site B and 40 
kilometers from cite C and that the angle 
CAB is 70°. We are to show these sites 
on a map, where the scale is to be 1 
centimeter = 10,000 meters. First, using a 
protractor we draw an angle of 70°. Thirty 
kilometers is equal to 30,000 meters, since 
there are 1,000 meters in a kilometer. Since 
one centimeter equals 10,000 meters, to 
represent 30 kilometers, or 30,000 meters, 
we need three centimeters. To represent 40 
kilometers, we need four centimeters. We 
measure off three centimeters on one side 
of the angle and four centimeters on the 
other side of the 70° angle. Joining the ends 
of these segments, we have a map (Figure 
22b) representing the triangular area 
formed by the three sites. 

. All maps, models, and photographs are 
similar to the original objects they repre- 
sent. Hence the angles in these representa- 
tions are exactly the same size as in the 
originals, and all lines are changed in the 
same ratio. Their areas will also have a def- 
inite ratio. They will vary as the squares of 
the corresponding sides. If we double each 


A' 
23. If we double the length of the sides of triangle |, producing triangle II, 


the area of II will be four times as great as the area of |. The area of 
triangle III, above, is nine times as great as that of |. 


A i F Ml 
Ma WMA 


Trapezium Trapezium 
Il 
Trapezoid Trapezoid Isosceles 
family Trapezoid 
Hl 5 
Parallelo- Edusre 
gram family k k 


24. The three basic types of quadrilaterals, or four-sided figures. 


of the sides of a triangle, the area will be 4 
times as great. If we triple each of the sides, 
the area will be 9 times as great. Figure 23 
shows that this is so. 

If film one centimeter square is project- 
ed on a screen so that the picture on the 
screen is 40 centimeters square, the projec- 
tion is 402 or 1,600 times as large as the 
original. The light used in projecting the film 
must cover 1,600 times as much area as the 
film; hence its intensity on the screen is 
only 11600, as great as at the film. This is a 
striking illustration of the manner in which 
the geometry of similar figures can be ap- 
plied to the study of photographic pheno- 


mena. 
QUADRILATERALS 


A figure with four sides is called a 
quadrilateral. The quadrilateral family is 
shown in Figure 24. Examining these fig- 
ures, we see that there are really three basic 
types of quadrilaterals: the trapezium, 
which has no parallel sides; the trapezoid, 
which has one pair of parallel sides; and the 
parallelogram, with two pairs of parallel 
sides. The isosceles trapezoid is a trapezoid 
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25. In a quadrilateral, the inner figure formed by joining 
the midpoints of the sides is a parallelogram. 


A 


26. The corresponding sides of these parallelograms 
are equal. The diagonals of both bisect each other. 


whose two nonparallel sides are equal. A 
rhomboid is a parallelogram with no right 
angles. A rhombus is a rhomboid with four 
equal sides. A rectangle is a parallelogram 
whose angles are all right angles. A square 
is a rectangle with equal sides. In all these 
figures, if we connect the midpoints of the 
Sides, as in Figure 25, the inner quadrilater- 
al that is formed will always be a parallelo- 
gram. 

In a parallelogram, the diagonals bisect 
each other, no matter how we distort the 
figure (Figure 26). This is a good example 
of an invariant—a Property of a figure 
that remains true under all distortions. 
Another invariant is “The opposite sides of 
a parallelogram are equal.” 

The draftsman makes use of this invar- 
iant in the instrument called the parallel 
tulers (Figure 27). It consists of two 
straightedges, which are joined by two rods 
AC, and BD in sucha way that AC = BD. 
This device is flexible: hence AB can be at 
varying distances from CD. However, no 
matter how AB is moved it always remains 
parallel to CD. Hence, using this device, 
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27. The device called parallel ru! 


28. The principal parts of a circle are shown above. 


we can draw a parallel to a given line at any 
accessible point in a plane g 

The andy of triangles and quadrilater- 
als forms much of the subject matter of 
geometry. All other polygons — closed fig- 
ures having three or more angles and there- 
fore sides—can be divided into triangles 
and quadrilaterals by drawing diagonals 
from the vertices of the polygon. This then 
means that the basic rules for ane 
the perimeter and area of triangles ar 
quadrilaterals can be applied to the study 
of other polygons. 


THE CIRCLE 


The study of the circle is also mpa 
tant. In Figure 28, we show its importa! 
parts. You will note that the closer a et 
gets to the center of the circle, the larger 
becomes. The diameter is really a edm 
that passes through the center. It consists A 
two radii joined together so as to ue 
straight line. To measure the length of a pi 
Cle—its circumference — we find the dodi 
ber of diameters in it. This number is a ct 
3% or, more accurately, 3.1416; its exa 


value is indicated by the Greek letter z 
(“pi”). The circumference of the circle, 
then, is md or 7 times the diameter. Its area 
is 7, or 7 times the radius squared. 

A half circle is called a semicircle. A 
simple and quite surprising theorem involv- 
ing a semicircle is this: “If any point on a 
semicircle is joined to the ends of the diam- 
eter, an angle of 90° is formed at the point.” 
In Figure 29, AB is the diameter and P isa 
point any where on the semicircle. It is easy 
to prove that APB is a 90* angle, or right 
angle. First connect P to the center of the 
circle (O). AO, PO, and OB are all radii of 
the circle and are equal. In the triangle 
APO, since side AO = PO, the two angles 
marked x° are equal, because if two sides of 
a triangle are equal, the opposite angles 
must also be equal. Likewise in the triangle 
POB, sides OP and OB are equal, and so 
the angles marked y? must be equal. Ignor- 
ing the line OP, we have the triangle APB, 
whose angles must total 180°, since the sum 
of the angles of a triangle is 180*. There 
are two x^ angles and two y? angles in 
the triangle APB; hence one x° angle and 
one y? angle must give half of 180°, or 90°. 
Since the angle APB is composed of an x° 
angle and a y? angle, it must be equal to 90°; 
it must be a right angle. j 

There are various applications of this 
theorem. For example, a pattern maker can 
determine if the core box shown in Figure 
30 is a true semicircle. He places a device 
called a carpenter’s square in the box. If it 
makes firm contact at three points, as 
shown, he knows that the pattern will give a 
true semicircle. 3 

An angle at the center of a circle has as 
many degrees as the arc that it intercepts, 
or cuts off, on the circle. Or, as a mathema- 
tician would say, “A central angle is mea- 
sured by its intercepted arc." In Figure 31, 
the obtuse angle at O is equal to 110°, and 
~ arc AB it intercepts is also equal to 

10°. " 

An angle whose vertex is on the cir- 
cumference of a circle and which cuts off or 
intercepts an arc is called an inscribed angle 
(angle ABC in Figure 32). No matter where 
we place the vertex B in this arc, the angle 
will remain the same size. In other words, 


29. If point P on the semicircle is joined to the diameter at 
A and B, angle APB will be a 90° angle. 


30. How one determines by means of a carpenter's 
square whether a core box gives a true semicircle. 


A 


31. Both the angle atO and the arc that it intercepts (AB) 
on the above circle are equal to 110* 


B 


32. The angles marked 1, 2and3 intercept the same arc 
(AC) in this circle; therefore they are equal. 


PLANE GEOMETRY 375 


33. The ship can be steered so as to avoid the shoals Sı 
and S2. 


all inscribed angles intercepting the same 
arc are equal. 

This invariant is used by navigators in 
order to steer clear of obstacles. In Figure 
33, A and B are two landmarks and S, and 
S, are two shoals. We draw two circles, 
each having points A and B on the circum- 
ference. The smaller circle will not only 
pass through 4 and B but will also have 
within it the shoal called S,. The other shoal 
S,, will be outside of the large circle. 

To stay between these shoals, a ship 
must keep outside the smaller circle and 
inside the larger one. The angle x is always 
the same size, wherever it may be in the 
smaller circle, since it always intercepts the 
Same arc; the angle y is always the same 
size for the same reason. The navigator, by 


` 


the use of a sextant, sees to it that as the 
and S,, the angle z is 


“34. To find a treasure 20 meters from a tree a 
use a locus. 


ship sails between S, 


ind equal 
distant from two roads, ind 
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smaller than the angle x (which keeps h 
outside the smaller circle) but greater ti 
the angle y (which keeps him inside 
larger circle). Thus the ship avoids 
shoals. 


THE PATH OF A MOVING POINT 


It is often necessary in plane geo! 
to determine the path that a point | 
scribes in a plane when it moves accordin 
to a fixed rule. If, for example, a po 
must always remain 3 centimeters 
a fixed point, it travels in a circle aro 
the fixed point. The mathematician gi 
the name /ocus to the path described 
à point. (Locus means "position" in La 
By studying the paths of moving point 
we determine how machine parts moi 
and how heavenly bodies appear to 
move. 

We can illustrate the use of the locus 
by a very simple treasure-hunt problem 
treasure is reported to be buried 20 mete 
from an oak tree and also equally dis à 
from two intersecting roads (Figure 3 
Since it is 20 meters from the oak tree, it) 
somewhere on the circumference of acirel 
with a radius of 20 meters and with the 
as the center. Now we also know that th 
treasure is equidistant between the two 
tersecting roads. We may think of it 
moving point remaining at the same is 
tance from each road. It can be proved 
geometry that a point moving so as to b 
equally distant from the sides of an 
traces a line that bisects the angle. He 
the treasure must be on a line bisecting tht 
angle made by the two roads. This line cut ; 
the circle, as shown in Figure 34, at t 

places, T and G. The treasure, therefoi 


35. Peaucellier's Cell changes circular motion to 
Straight-line motion. It is a type of linkage. 


36. The conic sections—circle, ellipse, parabola and 
hyperbola—produced as planes cut a cone. 


must be at one or the other of these two 
points. 

Machines that are designed to trace 
moving points are called linkages because 
they consist of linked bars. A pair of com- 
passes is the simplest linkage. The path it 
traces is a circle. Another linkage, called 
Peaucellier’s Cell, changes circular motion 
into straight-line motion (Figure 35). As 4 


37. Itis easy to draw an ellipse, 


a 


in the figure moves around the circle, the 
point B moves up and down the straight line 
CD. There are other types of linkages that 
transform circular motion into linear mo- 
tion. A study of linkage was necessary to 
help solve the problem of providing smooth 
motion in a locomotive, where the straight- 
line motion of the drive shaft had to be con- 
verted into the circular motion of the 
wheels. 


CONIC SECTIONS 


The circle is the most common type of 
curve, but there are other kinds. The Greek 
geometers noticed very early that when a 
cone was cut by planes at different angles, 
the intersections gave different kinds of 
curves: circles, ellipses, parabolas, and hy- 
perbolas (Figure 36). Because the three lat- 
ter kinds of curves were first described in 
connection with cones, they were called 
conic sections. Apollonius of Perga, who 
lived in the third century B.C., wrote a trea- 
tise on the properties of these curves. In 
more recent times, it was discovered that 
they could also be defined as paths made in 
a plane by points moving according to cer- 
tain rules. Such definitions are particularly 
meaningful when we put the curves to prac- 
tical use. 

The ellipse. An ellipse is the path 
traced by a point which moves so that the 
sum of its distances from two fixed points is 
always the same. The two fixed points are 
called focuses, or foci. It is easy to draw an 
ellipse, using the method illustrated in Fig- 
ure 37. First we insert thumbtacks at two 
fixed points, F, and F,. We then take a 
piece of string that is larger than the dis- 
tance between F, and F,. We attach one end 


using two thumbtacks and string, as shown in the drawings below. 
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of the string to the thumbtack at F, and the 
other to the thumbtack at F, (Figure 37a). 
We draw the string taut and insert a pencil 
as shown in Figure 37b. As we move the 
pencil, its point will trace an ellipse (Figure 
37c). The sum of the distances from the 
moving pencil point to the fixed points will 
remain constant. In figure 37c, P,F, + P,F, 
= P,F, + P,F,. 

If a billiard table were elliptical in 
shape, any ball hit from one focus would 
rebound through the other focus. In an 
elliptical room, any sound issuing from 
one focus will be reflected by the walls to 
the other focus. This is the principle of 
the “whispering gallery.” The elliptically 
shaped Mormon tabernacle in Salt Lake 
City, Utah, is an example. The foci in the 


38. As the planet earth travels around the sun, its orbit is 
an ellipse, with the sun at one focus. 
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tabernacle are clearly marked. A person 


standing at one focus can distinctly hear a 
whisper coming from a person at the other 
focus; those standing nearby hear nothing, 

The ellipse has found many practical 
applications. Power punching machines use 
elliptical gears. At the narrow ends of the 
ellipse, the gears move ler, giving a 
quick return. At the flat parts, the gears 
move slower, exerting a greater force. Stor- 
age tanks and transportation tanks are 
made elliptical in cross section so as to 


lower the center of gravity an 
danger of overturning. 


! to lessen the 


The ellipse also serves to explain the 
movements of various heavenly bodies. 
All the planets move in elliptical orbits with 
the sun at one focus (Figure 38). A planet 


39. As a point moves along a parabola. its distance from 
the directrix and focus (both fixed) is equal. 


Directrix 


moves along the orbit so that the radius 
from the sun to the planet sweeps through 
equal areas in the same time. Knowing the 
elliptical orbit of any planet, astronomers 
can predict the position of the planet in its 


orbit at any time. 
The parabola. The parabola is the path 
of a point which moves so that its distance 


from a fixed line, called the directrix, al- 


ways equals its distance from a fixed point, 
called the focus. Thus in Figure 39, as a 
point moves along the parabola, occupying 
positions P,, P, and P, in turn, AP, = P,O; 
BP, = P,O; CP,— P,O. A reflecting search- 
light has a parabolic surface with the light 
source at the focus. All light beams emanat- 
ing from the focus are reflected from the 


parabola in parallel rays (Figure 40). Sound 
detectors have parabolic surfaces. Sound 
waves are reflected upon striking the sur- 
face are concentrated at the focus. The 
of a reflecting telescope is in the 


mirr 
form of a parabola. Parallel rays of light 
from a distant heavenly body strike the 
parabolic surface and, reflected from it, 
meet at the focus within the telescope tube. 
The hyperbola. The hyperbola is the 
path of a point moving so that the distance 
to one fixed point minus the distance to 
another fixed point is always the same. The 
diagram in Figure 41 shows a hyperbola in 


which F, and F, called the foci, are the 
fixed points. P, is a point on the hyperbola. 
P,F, minus P,F, equals A,A}. P; is another 
point on the hyperbola. P,F, minus PF, 
is also equal to A,A,. 

The hyperbola is applied to LORAN, OT 
long-distance navigation by the use of ra- 
dar. We can give a general explanation of 
Loran by referring again to Figure 4l. 
There are two radar stations, one called the 
master station (F, in the diagram) and the 
other the slave station (F,)- They are locat- 
ed on land about 300 kilometers apart. 
Electric pulsations are sent out from each 
station. It takes longer for such pulsations 
to travel from F, to P, than from F, to E 
and from F, to P, than from F, to P,. The 
difference in time is a fixed constant for all 
points on the hyperbola. If the difference in 
time is greater or less, We have a different 
hyperbola. 


At a very young age children are taught to use and 
recognize the basic geometric forms found in the 


world around them. 


An airplane or surface vessel has a 
radar reception instrument which picks up 
this difference in time between the pulsa- 
tions from the two stations F, and F,. The 
navigator consults a map upon which are 
drawn the various hyperbolas correspond- 
ing to the various differences in time. He 
consults the map and locates his own craft 
on the hyperbola. The hyperbola passing 
through the “home port" is then picked out, 
and the difference in the time of the pulsa- 
tions is noted. The course is changed, until 
the radar receiver indicates that the craft is 
on the *home-port" hyperbola. The differ- 
ence in pulsations is kept constant and the 
craft sails home along the hyperbola. 
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SOLID GEOMETRY 


by Howard F. Fehr 


The two-dimensional world of plane 
geometry does not suffice to explain the 
world in which we live: it is a world of three 
dimensions. In it, there are many planes, 
which are boundless and extend in every 
conceivable direction. There are also many 
kinds of curved surfaces. We must consider 
not only north, south, east, and west but 
also up and down. To explain this three- 
dimensional world, the branch of mathe- 
matics called solid geometry has been de- 
veloped. We use this kind of geometry in 
building machines, skyscrapers, airplanes, 
steamships, bridges, and automobiles and 
also in explaining the phenomena of the 
universe. 

In solid geometry, there are many 
more possible relationships between geo- 
metric elements than in plane geometry. In 
a single plane, two lines are either always 
parallel or else they intersect. In solid ge- 
ometry, too, two lines may be parallel or 
else they may intersect, but they may also 
be skew lines. Skew lines are not in the 
same plane, are never parallel, and never 
intersect. Only one line, in a plane, can be 
drawn perpendicular to another line at a 
given point. In solid geometry, any number 
of such perpendicular lines can be drawn. 
For example, the spokes of a wheel are 
lines every one of which is perpendicular to 
the axle at the same point. In a plane, all 
points at a fixed distance from a fixed point 
are on a circle. In three-dimensional space, 
however, they are on a sphere containing 


1. The intersecting planes below 
form a dihedral angle. a is the plane 
angle-the angle between the. planes, 
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an infinite number of 
through the center. 


ANGLES IN SOLID GEOMETRY 


"rcles passing 


The simplest angle in solid geometry is 


called a dihedral (“two-faced”) angle. It is 
formed by two intersecting planes. The size 
of this angle is measured by the plane angle. 
This is formed by two lines. one in each 
face, meeting the edge, or intersection of 
the two planes, at right angles (Figure 1). 
When an airplane banks its wings, the angle 
of bank is a dihedral angle veen the hor- 
izontal and dip position of the wings 
(Figure 2). The dihedral angle is measured 


by an instrument in the pl: and the size 
of this angle determines in part the speed 


with which the airplane will change its 

direction of travel. i 
When three planes meet at a point, 

they form a trihedral angle (Figure 3). 


Each of the angles making up a trihedral 
angle is called a face angle. In Figure 3, 
ADC, CDB, and ADB are all face angles. 
If more than three planes meet in a point, 
the angle is called a polyhedral (many- 
faced) angle. The sum of the face angles of 
a polyhedral angle must be less than 360". 
As the sum of the angles gets closer to 360 ; 
the angle becomes less pointed until at 
360*, it becomes a plane (Figure 4). The 
crystals of minerals show many kinds of 
Polyhedral angles. An analysis of these 


2. The dihedral angle between the 
horizontal and dip positions of an 
aircraft's wing is the angle of bank. 


Horizontal position 


angles makes it possible to identify the 
various minerals, 


FIVE COMMON SOLIDS 


The major part of the study of solid 
geometry is based on five common solids: 
the prism, the cylinder, the pyramid, the 
cone, and the sphere. 

The prism. In a prism, all of the sides, 
or side faces, are parallelograms; the bases 
are parallel and equal polygons. Several 
kinds of prisms are shown in Figure 5. The 
most common of all is the cube, in which all 
the faces are square (Figure 5b). In a trian- 
gular prism (Figure 5a), the bases are 
triangles. Triangular prisms made of glass 
are used in studying the refraction, or bend- 
ing, of light. 

The most important properties ofa 
prism are its area, or surface measure, and 
its volume, or space-filling measure. The 
lateral area, or area of the sides, is equal to 
the perimeter, or length of the boundary, of 
the base times the height. Of course, to find 
the total area of a prism, one adds the areas 
of the two bases to the lateral areas. The 
interior of a room is often a prism. If we 
want to decorate the walls, for example, we 
can find their total area by first finding the 
perimeter of the floor and then multiplying 


the sides. 


[o 


3. When three 
planes meet at a 
point, they form à 
trihedral angle, 
like the one shown 
above. 


4. A series of polyhedi 
greater, the polyhedral 


5. The triangular prism, 
known as regular prisms. 


it by the height of the room. If we want to 
paint both the walls and ceiling of a room, 
we find the lateral area of the room and then 
the area of the floor (which, in the ordinary 
room, is the same as the area of the ceiling). 
Then we add the two. It is by making such 
calculations that a painter or decorator 
estimates the cost of the materials needed 
in the work. 

The volume ofa prism is found by mul- 
tiplying the area of the base by the altitude. 
This calculation is very important in the 
building of a house. Most builders estimate 
the construction cost as so much per cubic 
unit. To estimate how much it will cost to 
build a home, you must first find the total 
volume of the prisms of which the house 
will consist. If the volume in question is 800 
cubic meters and the builder gives an esti- 
mate of $30 per cubic meter, the cost will 
be approximately 800 x $30, or $24,000. 

The cylinder. If one rotates a rectangle 
completely about one of its sides, as in Fig- 
ure 6, it will define (mark the boundaries of) 
the solid called a cylinder. An ordinary tin 
can isa good example of a cylinder—a right 
circular cylinder, in which the bases are 
circles and the sides are perpendicular to 
the bases. It is not the only kind of cylinder, 
however. The bases of cylinders can have 
elliptical shapes and the sides are not al- 
ways at right angles at the bases. 


ral angles. As the sum of the face angles become 


becomes less and less pointed. At 360° it is a plane. 


cube, and hexagonal prism, shown below, are 


In all of them, the bases are at right angles to 
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6. If rectangle 
ABCD is rotat- 
ed about side 
AB, it will mark 
the boundaries 
of a cylinder, 
which will have 
AB as the axis. 


a 
b 
c 


7. If the height of cylinder a is doubled and the base 
remains the same, as in b, the volume is doubled. If 
the height remains the same and the diameter is dou- 
bled, as in c, the volume of the cylinder is increased 
fourfold. 


The lateral area of a right circular cyl- 
inder is 2zrA, in which z is approximately 
3.1416, ris the radius of the base, and h is 
the height. Suppose that a canning compa- 
ny decides to manufacture a number of liter 
cans, and wants to know how much metal 
will be needed for the cans. The required 
quantity is found by adding the areas of the 
two circles that make up the bases to the 
area of the side. 

The volume of a cylinder is found by 
multiplying the area of the base by the 
height. The formula is ah, in which ris the 
radius of the base and + is the height. It is 
important to find the volume of a Cylinder in 
computing the content of tin cans, gas-stor- 


g 
: 


pyramid. It has 
à Square base. 


10. A is held fixed while point B fol. 
lows a circular path. A cone is 
formed. 


11. Two kinds of cones. 8, right 
Circular cone; b oblique cone. 


age tanks, reservoirs, and so on, and also in 
determining the rate of flow and pressure in 
pipes containing liquids. 


If the height of a cylinder is doubled, 
and the diameter remains the «ame, its vol- 
ume will also be doubled. You can see that 
this is so by placing one can next to another 
just like it. If, however, the height ofa cyl- 


inder remains the same and (he diameter of 


the base is doubled, its volume will in- 
crease fourfold (Figure 7) 

To see whether the economy size of a 
product sold in cans provides a real bar- 
gain, it would be very helpful to calculate 


the volume of the regular size and that of the 
economy size and then compare the two. 
Suppose the regular-size can :s 12 centime- 
ters tall and has a base with a diameter of 16 
centimeters. Suppose the economy-size can 
is also 12 centimeters tall and has a base 
with a diameter of 20 centimeters. The reg- 
ular size costs $1.00 and the ec onomy size 
$1.25. The problem is: will we save money 
if we buy the economy size? 

We know that the volume of a cylinder 
is mr*h. To find the volume of the regular 
can we substitute 8 for r (the radius is half 
the diameter) and 12 for h. Using 3.14 as 
the value of m, we would get 3.14 x 64 X 
12 = 2,412 cubic centimeters. This is the 


9. The frustum 
of a square 
pyramid. 


ems 


12. Above is the frustum 
of a right circular cone. 


13. Similar solids. Similar squares are shown in a; similar cylinders in b; similar cones, in c. 


volume of the regular can. The volume of 
the economy-size can would be 3.14 x 100 
X 12 = 3,768 cubic centimeters. The econo- 
my-size can would hold about 11/2 times as 
much as the regular can (3768 + 2412) and 
would cost l'/ times as much. It would 
therefore represent quite a good bargain. 

I he pyramid and the frustum of a pyr- 
amid. In the solid called the pyramid, the 
sides are triangles whose vertices meet at a 
common point and whose bases form a 
plane (Figure 8). If the base is a square we 
have a square pyramid. The great pyramids 
of Egypt are square pyramids. So are the 
obelisks called ""Cleopatra's needles." 

When the top of a pyramid is cut off by 
a plane parallel to the base, the lower part is 
called a frustum (Figure 9). Army squad 
tents and coal hoppers, among other things, 
have the shape of the frustum ofa pyramid. 
To calculate the volume of a frustum, a rath- 
er complex formula is required. Yet there is 
evidence that the ancient Egyptians had an 
exact formula for making such a calcula- 
tion. They used it in determining the 
amount of granite required to build different 
sections of their pyramids. 

The cone and the frustum of a cone. A 
cone is formed by holding one end of a line 
fixed and rotating the line, following a cir- 
cular path (Figure 10). If the fixed end of 
the line is held directly over the center of 
the circle, the cone is called a right circular 
cone (Figure 11a). If the vertex (top-most 
part) of a cone is not directly over the cen- 
ter of the circle, the cone is said to be ob- 
lique (Figure 115). The height of a cone is 
the perpendicular distance from the vertex 
to the base (Figure 11). Its volume 1S equal 
to one-third the product of the area of the 
base and the altitude (height). 

If we divide a cone in two parts by 
passing through it a plane parallel to the 
base, the lower part is called a frustum 


(Figure 12). Many machine parts are in the 
form of cones or frustums of cones. 


CHARACTERISTICS OF SIMILAR 
SOLIDS 


Solids which are of the same shape but 
of different sizes are said to be similar. The 
corresponding polyhedral angles of similar 
solids are equal, and the corresponding 
lines are in proportion. 

The areas of similar solids have the 
same ratio as the squares of the corre- 
sponding linear parts (see Figure 13). In 
each of the sets of similar figures in Figure 
13, the surface area of the larger figure is 
four times the surface area of the smaller, 
because the linear parts are twice as large. 
If the linear parts were enlarged three 
times, the area would be nine times as 
great. 
The volume of similar solids has the 
same ratio as the cubes of the linear parts. 
In the sets of similar solids shown in Figure 
13, the larger figure has eight times the con- 
tents of the smaller figure. In the case of the 
cubes in Figure 13a, you can count eight 
small cubes in the larger cube. 

The ratio of areas and volumes of simi- 
lar solids has many practical applications. 
All spheres are similar. If oranges 8 centi- 
meters in diameter sell for 30 cents a dozen, 
while oranges of the same kind and 10 
centimeters in diameter sell for 50 cents, 
which would be the better buy? The volume 

10 1,000 


3 
of a large orange is ($) Ore or about 


2 times the volume of a small orange. Ob- 
viously in this case the large oranges would 
be a much better buy, since they cost less 
than twice as much as the smaller oranges 
but have twice the volume. 

The sphere. If a semicircle is rotated 
about a diameter (Figure 14), the solid de- 
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fined in this way is called a sphere. When 
the sphere is cut by a plane, the intersection 
is a circle. Figure 15 shows various circles 
formed in this way. If the plane passes 
through the center of the circle, the circle of 
intersection has the same radius as the ra- 
dius of the sphere. A circle such as this is 
called a great circle. All the other circles 
are small circles. 

The earth may be considered as a 
sphere in which the north and south poles 
are the ends of a diameter called the axis 


14. A spherical 
surface is formed 
as the semi-circle 
is rotated around 
AB, which is the 
diameter. 


Circle of longitude 
Circle of latitude 


16. The earth as 
a sphere. The 
north and south 
poles are the 
ends of the axis, 
which is a diame- 
ter. 


18. The Mercator pro- 
jection. On such a 
map, any place on 
earth can be located 
by determining the la- 
titude and longitude 
of the place. 
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(Figure 16). The circles pas 
both the north and south po are great 
circles. They are known as circles of. longi- 
tude. All the planes (except one) that cut 
the earth at right angles to the axis form 
small circles, called circles of latitude. 
There is just one plane that passes through 
the center of the earth and at risht angles to 
the axis. It forms a great circle called the 
equator. 

Between any two points on the earth 
(not including the poles) only one great cir- 


ng through 


15. Plane C, pas- 
B Sing through the 
center of the cir- 
cle, is a great cir- 
cle. A and B are 
small circles. 


17. The shortest 
distance between 
A and B on the 
sphere is arc AB, 
forming part of a 
great circle. 


19. A simplified diagram showing the celestial 
sphere. Earth is the center of this sphere. 


cle can be drawn (Figure 17). All other cir- 
cles passing through the two points will be 
small circles. The shortest of all the arcs 
between the two points is the arc of the 
great circle (4B, in Figure 17). Pilots of 
planes, as far as possible, steer a course 
determined by the arc of a great circle be- 
tween their starting point and destination. 
If we think of the earth as a rubber ball 
and cut this ball along one half of a circle of 
longitude, we can stretch the ball to forma 
flat rectangular sheet. The circles of longi- 
tude will then become parallel vertical lines 
and the circles of latitude parallel and equal 
horizontal lines (Figure 18). This sheet now 
represents a rectangular map of the world. 
A map of this type is called a Mercator 
projection, after the 16th-century Flemish 
geographer Gerardus (or Gerhardus) Mer- 
cator, who developed it. The great longitu- 
dinal circle passing through Greenwich, 
England, is given the value 0° longitude. 
The equator is given the value 0° latitude. 
On such a map any place on earth can be 
located by determining the longitude and 
latitude. Also, on such a map, the farther we 
go from the equator, the more We find the 
original area stretched, so that land areas 


near the poles seem much larger on the map 
than they really are on the earth. Users of 
the map must take such distortions into ac- 
count. 

The area of a sphere is four times the 
area of a great circle; the formula is 477°. 
The earth's radius is approximately 6,380 
kilometers; hence the total surface of the 
earth is 4 X m X 6,380? square kilometers, 
orabout 511,000,000 square kilometers. 

The volume of a sphere can be ex- 
pressed by the formula 4/377”. Since the 
radius of the earth is 6,380 kilometers, the 
volume of our planet is 4/3 x m X 6,380". 
which gives about 1,090,000,000,000 cubic 
kilometers. 


USE IN ASTRONOMY 


Solid geometry has enabled astrono- 
mers to give a useful interpretation of the 
heavens and to calculate the distance and 
position of the celestial bodies. The uni- 
verse is conceived of as a huge sphere with 
an infinitely great radius, which appears to 
revolve around the earth. In Figure 19, we 
give a greatly simplified presentation of 
such a sphere as seen from the vantage 
point of a man who is stationed at latitude 
50°. This man stands on a much smaller 
sphere, which of course is the earth. Direct- 
ly overhead is the zenith; directly below 
him is the nadir. The line where the sky 
seems to meet the earth is called the hori- 
zon. If the axis of the earth, which passes 
through the north and south poles, is ex- 
tended, it will meet the outer bounds of our 
imaginary celestial sphere at the celestial 
poles —north and south. The line connect- 
ing the two celestial poles is the celestial 
axis. The plane of the earth's equator will 
cut the outer limits of the celestial sphere in 
a great circle called the celestial equator. A 
great circle passing through the poles and a 
star is the hour circle of the star. The alti- 
tude circle of the same star is a great circle 
passing through the zenith and the star. 

These are but some of the features of 
the celestial sphere. They provide a frame 
of reference that enables the astronomer to 
trace the motions of celestial objects. This 
is one of the outstanding contributions of 


solid geometry to science. 
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TRIGONOMETRY 


An important offshoot of geometry is 
trigonometry, or triangle measurement. In 
trigonometry, when certain parts of trian- 
gles are known, one can determine the re- 
maining parts and thus solve a great variety 
of problems 

The founder of trigonometry was the 
Greek astronomer Hipparchus of Nicaea, 
who lived in the second century B.c. Hip- 
parchus attempted to measure the size of 
the sun and moon and their distances from 
the earth. He felt the need for a type of 
mathematics that, by applying measure- 
ments made on the earth, would enable him 
to measure objects far out in space. He was 
led to the invention of trigonometry. 

Boy scouts have occasion to use trigo- 
nometry in their field work. A common 
problem that is put to them is to find the 
height of a tree. The scout first measures a 
distance, say 20 meters, from the base of 
the tree, as shown in Figure 1. This will be 
his “base line.” At A, he measures the angle 
from the ground to the treetop by means of 
à protractor. Let us suppose that this angle 
is 35°. The scout now knows two facts 
about the large right triangle formed when 
he connects points B (the base of the tree), 
A (the end of the line drawn from the tree), 


1. The problem is to find the height of the tree 
when the angle at A (35°) and the distance AB (20 
meters) are known. We show how to solve the prob- 
lem by means of similar triangles ABC and A'B'C'. 


20 meters 
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and C (the top of the tree). He knows that 
AB is 20 meters and that angle BAC is 35° 
On paper our scout now makes a trian- 
gle similar to the large one in the field. First 
he draws a line A'B’ 1/2 meter long, and at 


A’ he draws an angle of 35? — angle B' A’ D! 
— with a protractor. Next he erects a per- 
pendicular to line A'B’ at B'. This line will 
intersect A'D' at C'; and the angle A'B'C' 
will be a right angle. The corresponding 
angles of the large and small triangles are 
equal: angle CAB = angle C'A'B'; angle 
ABC = A'B'C'; angle ACB = A'C'B' 
Hence we have two similar triangles, and 


the corresponding sides will be propor- 
tionate. 

The scout now measures line B'C' and 
finds that it is 35 centimeters, or 0.35 me- 
ter. Since the sides of the similar triangles 


are in the same ratio, AB is to A'B’ as BCis 
to B'C'. We know all these quantities ex- 
cept BC, which we can call x. We now have 


the proportion 20 is to 0.5 as x is to 0.35 
which we can write as 20:0.5::x:0.35. In 
any proportion, the product of the extremes 
(the two outer terms) is equal to the product 
of the means (the two inner terms); hence 
X — 14. The height of the tree, then, is 14 
meters. The scout solved this problem 
knowing only one side and an acute angle of 
a right triangle. He used the basic methods 
of trigonometry, though a mathematician, 
as we shall see, would not go at the problem 
in that particular way. 


A' 4^ 35^ — 


0.5 meter 


b 


3. A typical right triangle with the hypotenuse 
labeled c, and legs a and b. 


TRIGONOMETRIC FUNCTIONS 


Trigonometry is based on the use of 
the right triangle. It can be applied to any 
triangle because by drawing an altitude (a 
perpendicular from the vertex to the base) 
we can always convert it into right trian- 
gles. In Figure 2a, for example, the altitude 
AD divides the triangle ABC into the right 
triangles ADB and ADC; in Figure 2b, the 
altitude GH converts the triangle GEF into 
right triangles GHF and GHE. : 

Certain basic ratios or relationships 
between the sides of a right triangle are 
the very heart of the study of trigonome- 
try. Among these ratios are the sine, CO- 
sine, tangent, and cotangent. To understand 
what these terms mean, let us draw a typi- 
cal right triangle with angles 1, 2, and 3 and 
sides a, b, and c (Figure 3). Angle 3 is a 
right angle; the other two angles are acute 
angles (that is, angles of less than 90°). Side 
c, which is opposite the right angle, is the 
hypotenuse. The other two sides, a anc 9, 
are called legs. We can now define sine, 


2. Any triangle can be converted into a right trian- 
gle by drawing a perpendicular from the vertex to 
the base. 


cosine, tangent, and cotangent as follows: 

The sine of either of the acute angles is 
the ratio of the opposite leg to the hypote- 
nuse. The sine of angle | is a/c; the sine of 
angle 2 is b/c. 

The cosine of either of the acute angles 
is the ratio of the adjacent leg to the hypote- 
nuse. The cosine of angle | is b/c; the co- 
sine of angle 2 is a/c. 

The tangent of either of the acute an- 
gles is the ratio of the opposite leg to the 
adjacent leg. The tangent of angle | is a/b; 
the tangent of angle 2 is b/a. 

The cotangent of either of the acute 
angles is the ratio of the adjacent leg to the 
opposite leg. The cotangent of angle | is 
bla; the cotangent of angle 2 is a/b. 

A sine of an angle is said to be a trigo- 
nometric function of that angle, because its 
value depends upon the size of the angle. 
The cosine, tangent, and cotangent are also 
trigonometric functions. 

A given trigonometric function, such 
as the sine, is always the same for a given 
acute angle in a right-angle triangle. In Fig- 
ure 4, for example, angle BAC of the right 
triangle ABC is 30°. This means that angle 
ABC must be 60° since angle ACB is 90° 
and the sum of the interior angles of a trian- 
gle is 180°. Angle B'A'C' of the right trian- 
gle A'B'C' is 30° and angle A’B'C' must be 
60°. Hence the corresponding angles of the 
two triangles are equal, and the correspond- 
ing sides must be in the same ratio, Since 


this is so, » (the sine of the 30* angle 


BAC) and ee (the sine of the 30° angle 
B'A'C') must be equal. Hence the sine of 
30° is always the same no matter how large 
or how small the right triangle in which it 


occurs. 
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4. The sine of angle BAC (30°) is equal to the sine of 
angle B'A'C' in the two similar triangles. 


RT ws D E T 


5, This diagram shows how mathematicians have 
determined the tangents of angles. 


PROBLEM SOLVING 


Mathematicians have worked out the 
values of the trigonometric functions. By 
way of example, the sine of 40°, to five deci- 
mal places, is .64279; its cosine, .76604; its 
tangent, .83910; its cotangent, 1.1918. To 
give some idea of how such figures are de- 
rived, let us examine the procedure for find- 
ing out the tangents of different acute an- 
gles. You will recall that the tangent of an 
angle is the ratio of the opposite leg to the 
adjacent leg. 
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In Figure 5, side OA is equal to ex- 
actly 5 centimeters. Each of the small an- 
gles at O is equal to exactly 10°, Angle 
BOA, therefore is 10*; angle COA, 20°; 
angle DOA, 30°; angle EO, 40°; and so 
on. We now measure AB and find that it is 
about 0.9 centimeters. Since the tangent of 


angle BOA is and since OA = 5, the 


tangent of the angle is 22 or .18. This is 


the tangent of the angle 10^, whether the 
side OA is a centimeter, a meter, or a kilo- 
meter. Measuring AC, AD, AE, and so on 
in turn, we can find the tangents of 20°, 30°, 
40^, and the rest. 

The values of the trigonometric func- 
tions are to be found in special tables. 
Armed with these tables, it is possible for 
one to work out a great variety of measure- 
ments with great ease. Let us return, fora 
moment, to the boy-scout problem as pre- 
sented in Figure la. We know that AB is 20 
meters and that angle CAB is 35°. Weare to 
find out BC (the height of the tree). The 


. BE 
tangent of the 35° angle CAB is 2c We 


know that 4B is 20 meters; since BC is the 
unknown quantity, we call it x. Hence the 


tangent of angle CAB is 26 Looking up the 


6. The cable car rises 12 meters in a horizontal 
distance of 30 meters. What is the angle at A? 


table of trigonometric functions, we find 
that the tangent of 35? is .7. We then have 


the equation Am .7. Multiplying both sides 


of the equation by 20, we have a = 14. 
x= 14, 
in the foregoing problem, the unknown 
quantity was a part of the tangent ratio. In 
other trigonometric problems, the cotan- 
" the sine or the cosine might be in- 
. In still other cases, the unknown 
y might be an angle, as in the follow- 
problem. 
^ cable car going up a hill in a uniform 
rises 12 meters in a horizontal dis- 
: of 30 meters. What is the angle of the 
slope to the nearest degree? We diagram 
the problem as in Figure 6. We want to find 
angie x. We know that the tangent of x is 


z == = = 4. Consulting the table of trig- 
onometric functions, we note that .4 is the 
tangent of the angle 22° (to the nearest 
degree). Therefore the angle of the slope 
is 22°. 

The surveyor makes extensive use of 
trigonometry. First, the surveyor tries to 
get a fixed line that has no obstruction so 
that it can be measured fairly accurately. 
This is the base line that is used in al 
calculations. Other measurements, as far 
as possible, are measurements of angles. 
Trigonometry is also of vital importance in 
engineering, navigation, mapping, and as- 
tronomy. 


USED TO STUDY PERIODIC PHENOMENA 


Trigonometry is used in still other 
ways. For one thing it serves in the study of 
various periodic phenomena. Any phenom- 
enon that repeats itself in regular inter- 
vals of time is called periodic. The tides, for 


7. As radius OP goes around the circle in a count- 
erclockwise direction, it makes a series of triangles 
with the diameter of the circle and with the rod CD 
kept in a vertical position at the end of the radius. 


example, are periodic, since they rise and 
fall in regular sequence. The motion of a 
pendulum bob is also periodic as it swings 
back and forth. Let us show how we de- 
scribe all periodic phenomena in terms of 
the sine of an angle. 

We all know that the spoke of a moving 
wheel sweeps through 360° as it makes a 
complete turn. It repeats the same sweep in 
the second complete turn and in the third 
complete turn and so on. Obviously such 
rotation is periodic. The spoke of a wheel is 
really the radius of a circle. We can analyze 
the motion of the radius around the center 
of the circle by examining the diagrams in 
Figure 7. We are to suppose that a rod, CD, 
is kept in a vertical position at the end of 
the radius as the latter moves around the 
circle. You will note that a series of right 
angles is formed as the rod maintains its 
vertical position. The line AP, joining the 
points where CD meets the circumference 
of the circle and the diameter EF, grows 
longer and then shorter. Angle POA, which 
is called the angle of rotation, also changes 
as the radius goes around the center of the 
circle. The sine of POA, the angle of rota- 


tion, is a OP, the hypotenuse of the right 


triangle APO, is the radius of the circle 
and of course never changes. If we give 
it the value unity (that is, 1), AP will rep- 
resent the sine of the angle of rotation, 


its AP 

since the sine is equal to OP 
Let us now analyze the different sine 
values of the angle of rotation as the radius 
sweeps around the circle. Sine values 
above the diameter are expressed as posi- 
tive values. Values below the diameter are 
negative values. In Figure 8a, the sine is 
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8. As the radius sweeps around the circle, the sine values of the angle of rotation vary 


P4 (90°) 


Ps (270°) 


9.Variations in sine value are shown here by means 
of a graph. The different values of the sine PA are 
given here as P,A,, P.A,, P,A,, and so on. The 
curved line at the right of the circle is known as a 
sine curve. 


Zero, corresponding to a zero angle of rota- 
tion. The sine continues to grow as the ra- 
dius revolves around the center (5) until it 
reaches the value 1 in c. It becomes smaller 
(d) until it reaches zero again in e. Then it 
80es below the diameter and is assigned 
negative values, It increases in size (f) until 
it reaches the value —l in g. It becomes 
smaller thereafter (A) until, after a complete 
rotation has taken place, it becomes zero 
again (i). 

We can show the variation in the sine 
by the line graph in Figure 9, We give the 
different values of the sine, PA, as PA, 
P,A,, P,A,, and so on. The line at the right 
of the circle is called the sine curve. It re- 
peats itself every 360°, 

The sine curve can be applied, among 
other things, to the periodic phenomena of 
sound. For example, when a tuning fork is 
struck, it vibrates and the vibration results 
in sound waves being sent out. If, immedi- 
ately after being Struck, a tuning fork which 
gives a tone of middle C is drawn very rap- 
idly over a sheet of Paper covered with 
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Ps (270°) 


soot, the vibration of the fork will describe 
a series of sine curves (Figure 10). Two 
hundred sixty-four complete oscillations 
are produced in a second; hence middle i 
corresponds to 264 vibrations per second. 
We say that it has a frequency of 264 hertz. 
Suppose we strike a tuning fork that sive 
tone one octave higher than middle C an 
draw it over the paper as before. In this 
case 528 sine curves will be produced in a 
second. That means that the frequency is 
twice as great as before. 

Bille curves of various amplitudes a. 
frequencies are used to explain phenome 
of electricity, light (both polarized a 
plane), and force, as well as those of sou e 
Thus trigonometry helps to explain a 
control our physical environment. 


s i as 
10. Sine waves made by a vibrating tuning fe 
it was passed rapidly over a sheet of pape! 
with soot. 


~an BU 


C 


Analytic geometry explains geometric 
figures in terms of algebraic formulas. From 
the earliest times, algebra and geometry 
had been studied as separate subjects. No 
one had seriously considered before the 
eleventh century A.D. that numbers could 
be used to represent a point or line, or thata 
geometric figure could serve to represent 
the value of a number. 

One of the first to try to combine alge- 
bra and geometry was the 12th century Per- 
sian poet and mathematician Omar ay- 
yam. He wrote a work on algebra which 
was clearly influenced by earlier Arab and 
Greek writings. In this work, Omar 


' 


ANALYTIC 
GEOMETRY 


by Howard F. Fehr 


showed how to solve algebraic equations 
by the use of squares, rectangles, and 
cubes. For example, for a number multi- 
plied by itself, as in x X x, he would use a 
square, each side of which had a length 
equal to the value (x). If x were equal to 5; 
each side of the square would be 5 units 
long, and the square would be made up of 
25 units. If a number were to be a factor 
three times, as in x X x Xx, Omar would use 
a cube, each side of which had a length 
equal to x. See Figure |. 

It was because of this method of solv- 
ing equations that a number multiplied by 
itself came to be known as the square of the 
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5x 5=25 


1. To express a number multiplied by itself—say 
5 x 5—Omar Khayyam used a Square, each side of 
which was equal to that number. To express a 
number used as a factor three times, as in5 x 5 x 5, 
he used a cube. 


number, instead of the second power. For 
the same reason, we do not read "x?" as “x 
to the third power" but as “x cubed.” 

Omar made no effort to solve an equa- 
tion of the fourth degree — that is, an equa- 
tion containing a term to the fourth 
Power—by the geometrical method. This 
was obviously because no mathematician in 
his day had even an inkling of the fourth 
dimension. (Today, however, the fourth 
dimension is an accepted and vital concept 
in modern physics and mathematics.) 


sented this new approach to mathematics in 
his Discourse on Method, in 1637. The 
basic idea of analytic geometry is so simple 
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er occurred to 


that one wonders why it n 


any of the mathematicians before Des- 
cartes. E. 

To explain the idea, think of a city laid 
out in rectangular blocks, with the streets 
running east-west and north-south, as in 


Figure 2. The east-west streets are to be 
called Zero Street, First Street, Second 
Street, Third Street, and so on. Those run- 
ning north and south are to be designated as 
Zero Avenue, First Avenue, Second Ave- 
nue, Third Avenue, and so on. If the houses 
in each block are numbered by hundreds, it 


2. The house that we have indic ated by H in Ei: 
drawing is on 210 Third Street. It is 2.1 units to zm 
east, starting from Zero Avenue and counting ea 
block as a unit. It is 3 units to the north, starting 
from Zero Street. 
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will be easy to locate any house provided 
we know the name of the street and the 
street number. For example, if there is a 
house (// in Figure 2) at 210 Third Street, 
we know that it is on Third Street, one- 
tenth of the distance from Second Avenue 
to Third Avenue. We could indicate the 
location of the house more simply by means 
of two numbers, 2.1 and 3, written as (2.1, 
3). 2.1 would mean 2.1 units to the east, 
counting each block as a unit and starting 
from Zero Avenue; 3 would stand for 3 
units to the north, starting from Zero 
Street 

Zero Street, going from east to west in 
the city we have just described, would cor- 
respond to what is called the x-axis in ana- 
lytic geometry. Distances measured along 
this axis are known as x-distances, or ab- 
scissas. Zero Avenue, running from south 
to north, corresponds to the y-axis, and dis- 
tances measured along it are called y-dis- 
tances, or ordinates. The intersection of the 
x-axis and the y-axis is called the origin. We 
show the x-axis, y-axis and origin (marked 
0) in Figure 3. 

^ point in a plane can be located by an 
ordered pair of numbers (x, y), with the x 
always coming first. x stands for the num- 
ber of units measured along the x-axis from 
the origin: y, for the number of units mea- 
sured along the y-axis from the origin. x and 
y are called Cartesian co-ordinates. “Car- 
3. To locate point (4,3), go 4 units to the right from 
0, the origin, along the x-axis and then 3 units up, 
parallel to the y-axis 


a 
x 
"m 
> 
(4, 3) 
ssusuususasuusenscuupsta ® 
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tesian" is the adjective corresponding to the 
proper name “Descartes.” 

A point in a plane can be located by 
substituting particular numbers for x and y. 
Thus one can find the position of the point 
(4, 3) by going 4 units to the right from the 
origin along the x-axis, and then 3 units 
upward parallel to the y-axis (Figure 3). 
Any pair of numbers, such as (4, 3) locates 
a point. Any point can be represented by a 
pair of numbers. What is more, different 
values of x and y select points all over a 
plane, and these points describe various 
geometric figures. We shall examine some 
of these figures later. 


EXTENDING THE SYSTEM 


In the system developed by Descartes, 
one could move only to the right from the 
origin along the x-axis and only upward 
from the origin along the y-axis. Mathema- 
ticians later extended the system by con- 
tinuing the x-axis to the left beyond the ori- 
gin (O) and also continuing the y-axis 
downward beyond O, as in Figure 4, This is 
the system in use at the present time. Dis- 
tances to the left of the origin and below the 
origin are given negative values, as indica- 
ted in Figure 4. The four parts into which a 
plane is divided by the x-axis and y-axis are 
called quadrants. They are indicated by 
Roman numerals as shown. In the original 
system of Descartes, a point had to be 
somewhere in the first quadrant. In the 
present system, points corresponding to dif- 
ferent values of x and y may be located in 
any one of the quadrants. j 

Of course, one or both of the two refer- 
ence numbers, or co-ordinates, of a point 
may be negative. There are four different 
possibilities. ( 1) Both x and y may be posi- 
tive; (2) both x and y may be negative; (3)x 
may be positive and y negative; (4) x may 
be negative and y positive. Let us consider 
some typical examples (Figure 4). Suppose 
the co-ordinates are (4, 3). Moving 4 units 
to the right from O, the origin, along the x- 
axis, and then 3 units upward, parallel to 
the y-axis, we locate the point at A, in quad- 
t I. The second pair of co-ordinates we 


rant ; nates. 
shall consider is (~2, 3). We go 2 units to 


the left from O along the x-axis and then 3 
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QUADRANT It Y QUADRANT I 
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QUADRANT Ill -s QUADRANT IV 


4. Each of the points (4,3), (-2, 3), (-4, —2) and (3, 
—4) is located in a different quadrant. 


units upward. We locate the point at B, in 
quadrant II. If the co-ordinates of a point 
are (—4, —2), we go 4 units to the left from 
O along the x-axis and 2 units down, locat- 
ing the point at C, in quadrant III. Finally, 
if the co-ordinates are (3, —4), we go 3 units 
to the right from O along the x-axis and 
then 4 units down. The point is located at 
D, in quadrant IV. 

The Descartes system of co-ordinates, 
as extended by later mathematicians, is par- 
ticularly valuable because it enables us to 
analyze the geometric figure described by a 
variable point. The point has a series of 
different co-ordinates as it is selected for 
different positions. Under certain condi- 
tions, we can write an equation that will 
hold true for all possible positions of such a 
point. The equation can then be used in 
place of the geometric figure consisting of 
all the points. There are equations for 
straight lines, for circles, for ellipses, for 
parabolas, for hyperbolas, 


GRAPH OF A LINE 


Let us first consider the equation for a 
straight line, O4, which passes through the 
origin, O (Figure 5), and then through 
points K, L, and M. The co-ordinates of 
point K are (1, 2). We locate it by going 1 
unit to the right from O and 2 units upward. 
Point L has the co-ordinates (3, 6); that is, 
to locate it, we go 3 units to the right from 
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X 
5. The equation for this straight line is y — 2x. The 
y-coordinate here is always twice the x-coordinate. 
O and 6 units upward. The co-o ‘dinates for 
M are (6, 12). You will note that in each 


instance the y-co-ordinate is twice the x-co- 
ordinate. Hence the equation that express- 
es the relation between x and y for this par- 
ticular line is y= 2x. 

(We could also give it as x = ~.) 

All the co-ordinate values we have 
presented thus far for the line OA are posi- 
tive values, and the points whose co-ordi- 
nates are (1, 2), (3, 6) and (6, 12) are all in 
quadrant I. Line OA could be extended to 
quadrant III, as shown in Figure 6. As we 
have pointed out, the line passes through 
the origin, O. At this point, the co-ordinates 
are (O, O). Suppose the x-co-ordinate is—l. 
According to the equation for this line, y is 
always equal to 2x and therefore the y-co- 
ordinate corresponding to the x-co-ordinate 
=l is —2. We locate the point (—1, —2), and 
we continue the line OA to this point (P in 
the diagram). If the x-co-ordinate is —2, the 
y-co-ordinate must be —4. We continue the 
line to point Q, with co-ordinates C2, 4. 
The line could be continued indefinitely in 
both quadrant I and quadrant III. The path 
followed by the line is called its graph. | 

Suppose that the equation of a straight 
line is given as x — y = 1, and that we are 
required to draw a graph of the line. ee 
We would set up a table of values for x an 
y, as follows: 


6. Line OA, located in Figure 5, is extended into 
posent Ill by locating points P (—1, —2) and Q (-2. 
74) 


x1514131211| 0]-11-2]-31741-5 
y|41312|1/|0|—1|—2]|—3]-4] 551-76 


The y values corresponding to the x values 
in the table can be derived easily enough 
since in every case the y value is the x value 
minus 1. (Remember that the equation of 
this line is x — y — 1.) Once we have set 
down the x and y values, we locate the 
points (5, 4), (4, 3), (3, 2), (2, 1) and so on, 
as indicated in Figure 7, and we draw the 
line connecting the points. This is the 
straight line whose location is indicated by 
the equation x — y = 1. Note that the line 
passes through quadrants 1, IV, and III. 


GRAPH OF A CIRCLE 


. We can derive the equation of a circle 
if we apply the Pythagorean theorem to the 
system of Cartesian co-ordinates. The 
Pythagorean theorem states that in a right 
triangle (a triangle with a right angle), the 
sum of the square on the hypotenuse (the 
side opposite the right angle) is equal to the 
sum of the squares on the other two sides. 
Let us draw a circle with its center at 
the origin and with a radius of 5 units 
(Figure 8). No matter what point on the cir- 
cle we select, the x-distance, y-distance and 
radius will form a right triangle, With the 
radius, equal to 5 units, as the hypotenuse. 
According to the Pythagorean theorem, in 
each of the triangles shown in Figure 8, the 


7. Astraight line whose equation is x — y 1. Note 
that this line extends through three quadrants. 


square of the x-distance plus the square of 
the y-distance will be equal to the square of 
the hypotenuse — that is, 5* or 25. In other 
words, x? + y! — 25; and that is the equation 
of the circle shown in Figure 8. 

Suppose we want to see whether a giv- 
en point is on the circumference of this cir- 
cle. If the sum of the squares of the point's 
co-ordinates is equal to 25, the point is on 
the circle. Take the point (3, 4). The sum of 
32 and 4? is 25; hence (3, 4) is on the circle. 
So is (—4, —3), since the sum of (—4* and 
—3 is 25. But point (4, 5) is not on the cir- 
cle, since the sum of 4%, or 16, and 5°, or 25, 
is not equal to 25 (Figure 9). 


GRAPH OF AN ELLIPSE 


Suppose that we are given the informa- 
tion that 4x? + 9y* = 36 is the equation of a 
geometric figure. Let us prepare a graph 
and see what sort of a figure it is. First, we 
set up a table of values: 
E pa x. 
y|lz2 [21.9 |x1.5| 0 
The symbol + in the table stands for “plus 
or minus." For example, 4 is the square of 
+ 2: it is also the square of — 2. Hence a 
square root of 4 is either + 2 or 2, or +2. 
The values in the table are derived as 


[+2 [3 


follows. Applying the value x = 0 to the 
equation 4x? + 9y* = 36, we have 0 + 9y? = 
36; 9 = 36; 24; y= V4— +2. If x is 1, 
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= 4x2 in the equation 4x? + 9y ) is equal to 


4. Then 4 + 9y? = 36; 9y? = 32;  — 3,6; y= 
V3.6 = +1.9. The other values in the ta- 
ble are derived in the same 

Let us now locate the nts (0, 2), (0, 
ek, 1:9), (—1, 1.9), (1, (71,—1.9) 
and the others given in the and let us 
draw a smooth curve to vect these 
points. As Figure 10 shows geometric 
figure whose equation is 4 9y? = 36 


turns out to be an ellipse. 
GRAPHS OF OPEN CURVE 


A typical equation for a ibola is x= 
y? — 4. We prepare a table o! ies, as fol- 
lows: 
x|-4|-3]| 0 
y| O]+1/+2 
If we plot the values ( (=3;, 05 
(—3, —1), (0, 2), (0, —2) and thers giv- 
en in the table, we have the parabola shown 
in Figure 11. Since the higher the values of 
x, the greater the corresponding values of y, 
8. The equation of the above circle is x? + y? = 25. the parabola is an open curve extending 


The text explains how to derive the equation ofa without limit. 
circle by applying the Pythagorean theorem. 


Y (4, 5) 


9. The equation of the circle at leftis x’ + 
y! = 25. Point (4,3) is on the circle, since 
4? + 3? = 25. Point (—4, —3) is also on the 
circle. But point (4,5) is not on this partic- 
ular circle, because 4? + 5° is not equal 
to 25. 
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10. This figure is an ellipse. Its 
equation IS 4x? 4- 9y? — 36. 


11. A parabola with the equation 
x= y? — 4. It is an open curve. 


12. A hyperbola (x? — y* = 4). Its 
two branches are open curves. 
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W. THIRD AVE. 
W. SECOND AVE. 
W. FIRST AVE. 
ZERO AVE. 
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13. Analytic geometry can be put to Practical use. 
For example, water and gas mains can be located 
by the equations of Straight lines with the town cen- 
ter used as the origin, as in the illustration above. 


x*— y!— 4 is the equation for a typical 
hyperbola. To draw a graph of the figure, 
we first prepare a table of X and y values: 


x|*2|]x3 |a4 |+5 |+6 

Ee em eeu fist 

Y| 0222 3.5 |4.6 [45.7 
Then we plot the values given in the table, 
and we obtain a curve with two branches, 


as shown in Figure 12. The branches ex- 
tend indefinitely in both directions. 
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E. FIRST AVE. 


E. THIRD AVE. 


E. SECOND AVE. 
E. FOURTH AVE. 


^. FOURTH ST, 
N. THIRD ST, 
N. SECOND SI. 
N. FIRST ST. 
ZERO ST. 

S. FIRST ST. 

S. SECOND ST. 
S. THIRD ST. 


. 5. FOURTH ST. 


USING THE EQUATIONS 


Equations of geometric figures can be 
added and subtracted and many other Ebo 
ations can be performed with them. ius 
equations resulting from such puc. 
can be interpreted by means of enn 
drawn up on the basis of x values and y ks 
ues. In this way, algebra can be used to 3 
cover geometric relationships. As = 
American mathematician Eric T. Bell ie 
it: “Henceforth algebra and analysis (tha 
to say, analytic geometry] are to be E p 
lots in the uncharted seas of space an 

eometry,” 
š Eu geometry has also been een 
practical use. For example, in many to 


water mains can be located by the 
s of straight lines using the center 
wn as origin (Figure 13). Concen- 


gas ane 


tric circles can be used to give zone dis- 
tances from the center of the town. The in- 
tersections of circles and lines will describe 
the approximate location of breaks in water 
orgas mains. 
SOLID ANALYTIC GEOMETRY 

To locate a point in three-dimensional 

space, we must give the distance above or 


below the plane formed by the x-axis and y- 
axis. We add a third axis — the z-axis, which 
extends straight up and down (Figure 14). 
Suppose we wish to locate point A, shown 


in the figure, in a three-dimensional system. 
A is 2/2 kilometers east of the origin (x-dis- 
tance), 2 kilometers south of the origin (y- 
distance), and Y2 kilometer up (z-distance). 


We would locate it by giving the x-, y-, and 
z-, co-ordinates (2.5, 2, .5). To locate a 
point in solid analytic geometry, therefore, 
we need three ordered numbers—x, y, and 
z—as our co-ordinates. In the three-dimen- 
sional world, if some point is taken as the 
origin, any other point in space can be rep- 
resented by an ordered triplet of numbers 
and can be definitely located. 

In solid analytic geometry, since there 


are three dimensions, there will be three 
unknowns to be related in our equations. 
Thus the equation of a plane is ax + by + cz 
=k, where a, b, c, and k are given numbers. 
If the co-ordinates of a point are such that 
they satisfy the equation of a given plane, 
the point will be located on the plane. The 
co-ordinates of points that are located out- 
side the plane will not satisfy the equation. 

The equation of a sphere is x? + y? + 
z= °, r being the radius. It is the extension 
of the circle equation of plane analytic ge- 
ometry: x2 + y? =r. The equation x? + y? + 
z = 25 represents a sphere whose center is 
at the origin and whose radius is 5 units 
long. All the other common solids can also 
be represented by an equation or a series of 
equations in three unknowns —x, y, and z. 
Solid analytic geometry uses such equa- 
tions to study the points, lines, surfaces, 
and solids that exist in space. 


HIGHER GEOMETRY 


The mathematician does not confine 
himself to the analysis of the three-dimen- 
sional world, in which an ordered triplet of 
14. In solid analytic geometry, three axes —X, y, and 
z—correspond to the three dimensions. Point A in 


the diagram below, is 21/2 kilometers east of the 
origin, 2 kilometers south, and "2 kilometer up. 
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numbers represents a point. The mathema- 
tician asks the question: "What would an 
ordered quadruplet of numbers represent?" 
Then he answers the question by saying 
that (3, 4, 2, 5), say, would locate a point 
in four-dimensional space. The equation 
x+y +z+ w= 3 would represent the equa- 
tion of what our mathematician would call a 
hyperplane; (3, 4, 2, 5) would be a point on 
this plane. What sort of thing would this hy- 
perplane be? The mathematician does not 
know, because he has never seen one. That, 
however, does not prevent him from work- 
ing out and using the equation of such a 
plane and from discovering the properties 
of the plane by various algebraic operations. 

How can one maintain that a four-di- 
mensional world does not exist? Suppose 
We were two-dimensional creatures living 
in à two-dimensional world. We would be 
quite unaware of a three-dimensional 
world, of which our own limited world 
would form a part. Yet this three-dimen- 
sional world does exist, as we all know. 
Is it not entirely possible that creatures like 
ourselves, confined as far as we know to a 
world of three dimensions, are really living 
in à four-dimensional world, which our 
Senses cannot perceive? It may be, too, 
that this four-dimensional world is embed- 
ded in turn in a five-dimensional world, and 
the five-dimensional world in a six-dimen- 
sional world, and so on ad infinitum. The 
mathematician finds such Speculation fas- 
— whether or not it is based on 
reality. 


CERTAIN PRACTICAL APPLICATIONS 


As a matter of fact, the equations of 
these higher-dimensional worlds have cer- 
tain Practical applications. For example, 
the. equation of ah 
With more than three dimensions — has been 
applied in the manufacture of televisi 
—— -ray tubes. Hn 

€ saw that the equation of the three- 
dimensional sphere with which we are fa- 
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four dimensions. This is the first hyper. 
sphere, and we make no «ort to picture 
it. We then continue with the equations of 
a five-dimensional sphere, a six-dimension- 
al sphere, and so on. We can define a hyper- 
sphere of n dimensions as 


Bp Tx -t.. r 
where x,, x,, x,, and so on up through ie 
represent the different dimensions. 
Now let us see how this equation can 
be applied to the manufacture of television 
tubes. The manufacture; such tubes 


would like to have them al! of exactly the 


same length—say 40 centimeters, Since, 
however, no tubes are ever of exactly the 
same length, he will allow ^ deviation of 
not more than .012 centimeter. If the de- 
viation is greater than this. the tube will 


not be satisfactory. 

A sampling of 10 tubes is selected for 
testing purposes from a batch of 1,000. The 
length of each one of these tubes is mea- 
sured, and the deviation from 40 centime- 
ters noted. The deviation of each tube is to 
constitute a dimension; hence we have 10 


dimensions in all. We square each of the 
deviations and then add them together, in 
accordance with the equation for a hyper 
sphere given above: 

ante toe... txt A 


For a permissible deviation of not 
more than .012 centimeter, r? must not ex- 
ceed a certain amount. If we take a different 
Sampling of 10 other tubes, we would ex- 
pect a different sum when we add the 
Squares of their deviations from 40 centi- 
meters — that is, a different value of 7. The 
Statistician studies the variations of the * 
value from sampling to sampling. There- 
after, if the manufacturer wishes to test à 
batch of 1,000 tubes, he takes a sampling of 
10 tubes. If the 72 value for the sampling is 
Sufficiently small, the entire batch of 1, 
lubes is accepted as meeting the requi 
specifications. Thus the hypersphere of the 
mathematicians, which at first seemed only 
to be impractical speculation, does have an 
application — namely that of helping to < 
termine the quality of our television T€ 
ception. 


NON-EUCLIDEAN GEOMETRY 


by Howard F. Fehr 


The geometry presented in the articles 
Plane Geometry and Solid Geometry and 
that which is commonly taught in secon- 
dary schools is called Euclidean geometry. 
It is so named because it is based on the 
system established by the Greek mathema- 
tician Euclid and taught by him in Alexan- 
dria, Egypt, about 300 n.c. He established a 
logical series of theorems, or statements, 
which were so arranged that each one de- 
pended for its proof on (1) the theorems 
that preceded it and on (2) certain assump- 
tions, or postulates, Euclid called these 
assumptions common notions and he ac 
cepted all of them without proof, 

In order to prove some of the theorems 
in the first part of his system, Euclid found 
it necessary to assume that through a point 
Outside a given line, only one line could be 
drawn parallel to the given line (Figure 1). 
He tried hard to prove that this was so, but 
failed. Finally he had to consider the state- 
ment about parallel lines (or rather, an 
equivalent statement) as a common notion, 
or postulate, which was to be accepted be- 
cause it was self-evident, The entire system 
of Euclid depends upon the validity of this 
particular common notion, which has been 
called Euclid's postulate. 

In the centuries that followed, 
mathematicians tried to prove that t 
a point outside a given line, only one line 
could be drawn parallel to the given line. 
They were no more successful than Euclid 
had been. They had to accept Buclid’s pot- 
ard as self-evident v not 

n modern times, 
cians have conceded that the postulate is 
self-evident. They have felt justified in 
making different assumptions. and 
Es up € TU. pu 
t assumptions. 
man mathematician G. F. Bernhard 
mann based his geometry, called Riemanni- 


an geometry, on the postulate that no 
lel. Another type 
lines are ever a in the 19th cent 


geometry was crea 


by the Russian Nikolai Ivanovich Lobe 
chevsky and, , by the Hun 
i . It was based on the a» 


let us consider the shortest 

two points in (1) a plane, or flat sur 
, (2) a sphere, and (9) à pseudosphere 
which is shown in Figure 2 and which sug 
gests Iwo wasepaper baskets joined fo: 

her at their tops. The shortest distance 
two points on any kind of surface 
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measure the same distance AB, using a 
geodesic (the shortest possible distance) in 
each case (Figure 3). On a plane, such as 
that shown in Figure 3a, the geodesic is a 
straight line. On a hemisphere (Figure 3b), 
it is an arc forming part of a great circle (the 
largest circle that can be drawn ona sphere). 
On the hemipseudosphere (Figure 3c), AB 
is on the circle that marks the “waist” of 
the pseudosphere. 


a 


On the plane, hemisphere and hemi- 
pseudosphere, we draw geodesic AC, per- 
pendicular to AB at A, and geodesic BD, 
equal to AC in length and perpendicular to 
AB at B. Finally, we draw the geodesic CD, 
connecting C and D. On the plane, CD isa 
straight line; on the hemisphere, it is an 
arc, CxD, forming part of the great circle 
MCDN; on the hemipseudosphere, it is the 
arc CyD. 

How large are the angles 
Figures 3a, 3b, and 3c? The answers to 
these questions will provide an insight into 
the differences between Euclidean geome- 
try and the non-Euclidean geometries of 
Riemann and Lobachevsky-Bolyai. 

In the case of the plane in Figure 3a, it 
would seem to be obvious that angles / and 
2 are right angles (90? angles). But we can- 
not prove this as a geometric theorem un- 
less we first agree that only one line passing 
through C—that is, the line CD—is par- 
allel to line AB. If we make this assump- 
tion, we are accepting Euclid's postulate. 

On the hemisphere (Figure 35), angles 
1 and 2 are apparently obtuse angles —that 
is, greater than 90°. Can we prove this? 
Not unless we first assume that every geo- 
desic through C will meet line AB at two 
points. If we accept this, we can prove 
that angles / and 2 are greater than 90°. 


/ and 2 in 


ud abd ee been drawn on a plane. In b, it has been drawn on a hemisphere; in c, on a hemipseudo- 
All the tine ih a pseudosphere). In each case, AC and BD are equal and they are perpendicular to line AB. 
es shown here are geodesic; that is, they represent the shortest distances between the points. 


A' [o] 


A‘ (ey 


6. Above: In the geometry of Lobachevsky-Bolyai, 
the sum of the angles of a triangle is always less 
than 180°. It decreases as the area increases. 


Riemann assumed that even in a plane, 
any line (such as CD in Figure 3a) drawn 
through an external point (such as C) will 
meet any other line (AB) at two points. 
Hence there are no parallel lines in his 
geometry. He developed a perfectly logical 
set of theorems based on this assumption. 

"But," you will say, "anyone can see 
that line CD in Figure 3a is parallel to line 
AB and that the two lines will never meet." 
But as long as you cannot prove that this is 
so, you cannot deny that it is perfectly logi- 
cal to develop a new kind of geometry 
based on another assumption. à 

Let us now examine angles / and 2 in 
the hemipseudosphere (Figure 3c). These 
angles are apparently acute—that is, less 
than 90°. Again, we cannot prove that this 
is so unless we make an assumption—In this 
case, that there are two geodesics through 
C that never meet AB. Lobachevsky anc 
Bolyai made this assumption and applied it 
to all kinds of surfaces, including those of 
spheres and planes. Their geometry de- 


4. Above left: In the geometry of Euclid, the sum of 
the angles in a triangle, such as ABC, is 180°. If the 
area of such a triangle is increased so that we have 
the triangle A'B'C', the sum of the angles is still 
equal to 180°. 

5, Above right: According to the geometry of Rie- 
mann, the sum of the angles of a triangle, such as 
ABC, is always greater than 180". It increases as the 
area of the triangle increases, as in the large tri- 
angle A'B'C'. 


scribes a world quite different from that of 
Euclid and Riemann—a world in which 
through every external point there are two 
lines parallel to a given line. 

Of course, three geometries based on 
such different assumptions are bound to 
show many striking points of difference. 
Consider, for example, the sum of the an- 
gles of any triangle. In the Euclidean geom- 
etry, the sum is 180°. It always remains the 
same no matter how much the size of a giv- 
en triangle increases (Figure 4). In the 
Riemannian geometry, the sum of the an- 
gles of a triangle is always greater than 
180°. As the area of the triangle increases, 
the sum of the angles increases (Figure 5). 
In the geometry of Lobachevsky-Bolyai, 
the sum of the angles of a triangle is always 
less than 180° and decreases as the area of 
the triangle increases (Figure 6). 

One cannot say that one of these ge- 
ometries is correct and that the others are 
incorrect. Rather, they are different expla- 
nations of space, based on different as- 
sumptions. We accept the one which offers 
the most satisfactory interpretation of a 
particular phenomenon with which we are 
concerned. For example, the Riemannian 
geometry has given a better explanation of 
certain astronomical aspects of Einstein's 
relativity theory than either the Euclidean 
or Lobachevsky-Bolyai geometry. 
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STATISTICS 


by F. Joe Crosswhite 


Have you ever notic w much of 
the information you recei mes to you 
through numbers? Parti since the 
coming of age of electi computers, 

1 more and more kinds of ation are 
being coded, processed presented 
numerically. On any giv y, we can 
expect to see numerical ; ntations of 
weather information, the market, po- 
litical polls, business transactions, census 
data, government operat and many 
other types of data 

In most instances, the rical infor- 
mation in its original form w be difficult 
to interpret. For this reason. the informa- 
tion is usually organized, summarized, and 
presented to us in a form th in be more 
readily interpreted. Freque: this is ac- 
complished by reducing the numerical data 
to a table or graph or b orting one 
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number, such as the average, to represent 


an entire set of numbers. The process by 
which numerical data are collected and 
eventually presented in a usable and under- 
stavdable form is an important part of the 
mathematical science of statistics. 


statistics is important not only for 
communication; it also provides a basis for 
decision-making. The government makes 
extensive use of statistics in estimating its 
budget needs and setting its tax rates. Sta- 
tistics enables manufacturers to compare 
production processes when they seek to 
improve their products or increase their 


profits. Store managers may rely upon sta- 
tistical analyses to determine which items 
they should stock. Scientists employ statis- 
tics in comparing the effects of critical vari- 
ables upon their experiments. Insurance 
companies rise and fall on the accuracy of 
their statistical predictions. Engineers base 
the design of highways and bridges upon 
statistical studies of materials and traffic. 
School officials may modify their curricula 


on the basis of statistical analyses of stu- 
dent achievements and needs. The list of 
such decision-making uses of statistics is 
almost endless. 


COLLECTION OF DATA 


The science of statistics involves a va- 
riety of tasks, Even the seemingly simple 
business of collecting numerical data re- 
quires careful study. Obviously the conclu- 
sions of a statistical study can be no more 
reliable than the figures upon which they 
are based, The statistician must be sure that 
the data collected are accurate, relevant to 
the problem being studied, and representa- 
tive of the problem. Invalid conclusions 
drawn from statistical evidence are often 
due to inadequacies in the data collected. 
Although we cannot go into the matter of 
data collection in detail, its importance I5 SO 
great that we should be at least aware of 
some of the problems involved. n 

First, the population to be studied 
must be well-defined. What do we mean SY 
"population" here? To the statistician, i 
may consist of a set of cities, OF automo- 
biles, or books, or even scientific experi- 
ments. In fact, the population for a statisti- 


cal study might be any set of objects having 
a common characteristic to which a number 
might be assigned. Of course, the popula- 
tion selected must supply the appropriate 
numerical data for the problem being 
studied. If the population of a statistical 
study is not well-defined or is not represen- 
tative of the problem being studied, the re- 
sults of the study will be difficult to inter- 
pret or apply. For example, surveys of the 
voting preferences of high-school students 
would be of questionable value in predict- 
ing the results of an election, since few 
high-school students can vote. 

Once the population has been identi- 
fied, the particular characteristics to be 
studied must be represented numerically. 
Sometimes the numerical data are already 
available in recorded form. For example, if 
you wanted to study the rainfall in your city 
over the past year, you could probably ob- 
tain the needed data from your local 
weather bureau. In this case, the population 
might be defined as the set of days in the 
year. 
Sometimes the numerical data may be 
obtained by a simple counting process. You 
might be interested, for example, in a study 
of the books in a school library. This proj- 
ect would involve counting the number of 
volumes devoted to each of several sub- 
jects. y 
More often, the data for a statistical 
study are obtained by measuring some 
common characteristic of the population 
being studied. If the population were a 
set of scientific experiments, the scientist 
might be concerned with such characteris- 
tics as time, temperature, volume, and 
mass. In each instance, he would need to 
use a suitable measuring instrument. to 
assign a number to the characteristic. 

In some cases, no measuring instru- 
ment is available and the investigator must 
create a measuring device. For this pur- 
pose, the investigator may construct an 
examination. This then becomes the instru- 
ment that enables him to assign a number to 
measure student achievement. As with 
any other measuring instrument, accuracy 
is a prime consideration. The investigator 
would need to know how well the number 
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16 18 
19 12 
14 16 
16 15 
17 13 


assigned represents the true value of the 
characteristic being measured —in this case, 
student achievement. 

The ultimate value of a statistical study 
depends to a large extent upon the quality 
of the measuring instrument that is em- 
ployed. For this reason, the construction 
and evaluation of such an instrument is of- 
ten a critical task in a statistical study. 

Sometimes it is possible to obtain 
numerical data about each member of a 
population that is being studied. When this 
is true, the data are completely representa- 
tive of the population, and the task of the 
Statistician is to describe the numerical data 
obtained. This branch of Statistics is called 
descriptive statistics. 


SAMPLING A POPULATION 


Often it is necessary or practical to col- 
lect data only for a sample of the population 
and to make statistical inferences about the 
population itself. An inference is a conclu- 
sion about the unknown based upon some- 
thing that is known. A Statistical inference, 
or course, is one based upon statistical 
data. When data are available only for a 
sample, the sample represents the known 
and the population the unknown. Any sub- 
set of a population would constitute a sam- 
ple, but statistical inferences are valid only 
when the sample is Tepresentative of the 
population. Many techniques are employed 
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16 14 12 13 18 


17 15 16 14 16 


14 18 15 16 13 


16 17 15 19 17 


by statisticians to insure that the samples 
they select are representative . 

When each member of the population 
has an equal chance of being chosen, we 
have what is called a random sample. This 
is usually assumed to be representative of 
the population. In some special problems, 
the statistician uses a stratified sample, 
which insures that specific segments of the 
study population are represented in the 
sample. The process of identify ing a repre- 
sentative sample is a critical task in many 
statistical studies. In the examples that fol- 
low, we will assume that the samples used 
are representative of the populations from 
which they have been selected. 

Let me summarize the above remarks 
about collecting data by considering the fol- 
lowing example. Suppose that the popula- 
tion being studied is the set of students in à 
given grade. If each of these students was 
assigned to an English class by a random 
process, the English class would connie 
representative sample of the population. i 
you were to measure the height, weight, O 
age of each student in the class, or es 
his score on a particular test, or count 4 
number of people in his family, you M : 
Obtain a set of numbers. These number 
could then become the data for a tr 
Study. The data could be used to describ 
the English class (the sample). They pue 
also be used to make estimates or infe 


ences about the total set of students in the 
grade (the population). 


ORGANIZING THE DATA 


Once data have been collected, they 
must be arranged in some systematic order 
before a useful interpretation can be made 
or conclusions drawn. Sometimes a simple 
table or graph can be quite helpful as a first 
step toward the statistical analysis of nu- 
merical data. 

The numerical data presented in Table 
I are scores obtained by thirty-five students 
in a spelling test. Each score represents the 
number of words that have been spelled 
correctly by a given student. In this case, 
the word "score" is used in its usual sense. 
However, regardless of the nature of the 
numerical data, statisticians often use the 
term raw score to indicate the individual 
numbers obtained as a basis for a statistical 
study. 

It is difficult to make any useful inter- 
pretation of the data in Table I. The sim- 
plest way of organizing these data would be 
to arrange the scores in numerical order. It 
is common to record only the different raw 
scores (in this case, 16, 18, 14, and so on) 
and to note the frequency with which each 
score occurs. Table II is a frequency table 
presenting the same data that appear in 
Table I. 

Even a cursory examination of Table 
Il permits some elementary interpretation 


of the data. We can easily observe the high- 
est and lowest scores (20 and 12) and the 
most frequent score (16). We can even be- 
gin to have some feeling for the way the 
Scores seem to cluster about a central 
point — in this case, the score 16. 

Further clarification of the data may be 
obtained by translating Table II into a 
graphical form. Figure 1 is a common type 
of graph used to present frequency distribu- 
tions. The numbers below the horizontal 
line represent scores; the numbers at the 
left represent the frequency distribution — 
that is, the number of times each score oc- 
curs, This is a frequency graph. 

The frequency polygon shown in Fig- 
ure 2 is based on the same idea. In this 
case, we may consider that lines have been 
drawn perpendicular to the scores on the 
bottom line and to the frequencies at the 
left. A point indicates the intersection of a 
score line and a frequency line. Thus we 
have a point where the score 12 and the 
frequency number 2 meet, and a point 
where the score 16 and the frequency num- 
ber 9 meet. The points are connected by 
straight lines. A line is drawn in each case 
between the point representing the lowest 
score and the score immediately preceding 
on the horizontal line; also between the 
point representing the highest score and the 
score immediately following on the hori- 
zontal line. 

An examination of these two graphs 
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will reveal exactly the same information 
available in Table II. For some people, the 
graphical form is easier to interpret than the 
tabular form. In particular, the tendency of 
scores to cluster around a central point 
becomes more apparent when the data are 
presented pictorially. 


GROUPING RAW SCORES 


In many statistical studies, the number 
of different raw scores obtained is so large 
that it becomes cumbersome to work with 
all the different scores. In these cases, it is 
common to condense the data by grouping 
the raw scores into class intervals. Instead 
of considering each score individually, we 
combine a certain number of adjacent 
scores to form an interval. Thus we would 
combine the individual scores 23, 24, and 
25 to form the interval 23-25. Intervals are 
treated in much the same way as we would 
treat individual raw scores. 

A grouped frequency table, based on 
intervals, is shown in Table III. It presents 
scores made by 200 students in the same 
spelling test for which thirty-five scores 
were reported in Table I. We could think of 
the data in Table I as representing the 
scores of one of six randomly assigned En- 
glish classes whose total scores are report- 
ed in Table III, 

When the number of possible raw 


1. Frequency graph of data in Table Il. 
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scores is large, the grouping of data into 
appropriate intervals enables the investiga- 
tor to work with a manageable number. The 
seven intervals in Table II! may reflect as 
many as three times that number of dif- 
ferent raw scores, At the same time, this 
grouping method has the disadvantage of 
obscuring individual scores. Thus only one 
score may be represented in the interval 
23-25, while all three scores might be rep- 
resented in another interval. We have to 
ignore this consideration when working 
with class intervals. Once the data have 
been compressed by grouping, in all subse- 
quent analysis and computation, we must 
treat individual scores as if they were even- 
ly distributed throughout the interval to 
which they belong. 

Graphical representations of grouped 
frequency tables are very similar to those 
presented earlier for ungrouped data. One 
special kind of graph, the frequency histo- 
gram, is worthy of note. To construct a his- 
togram from Table III, as in Figure 3, the 
frequency of scores in each interval is rep- 
resented by a rectangle with its center at 
the mid-point of the interval, its height 
equal to the frequency, and its width equal 
to the width of the interval — with a differ- 
ence. 

Here it is necessary to distinguish be- 
tween score limits and real limits. When an 
interval is identified as 14-16. the limits 
reported are called score limits. They iden- 


2. Graphs are often easier to interpret than tables. 


tify the lowest score and highest score that 
belong to the same interval. For purposes 
of mathematical treatment and graphical 
representation, it is common to use the real 
limits 13.5- 16.5 to identify this same inter- 
val. The interval is represented as extend- 
ing halfway to the scores immediately 
preceding and following. Such an interpre- 
tation is consistent with the way we usually 
report measurements. For example, if we 
were measuring to the nearer meter, any 
measurement between 13 meters, 50 centi- 
meters and 14 meters, 50 centimeters 
would be reported as 14 meters. 


ANALYZING THE DATA 


Tables and graphs can help us obtain 
considerable understanding of a set of 
scores. However, for many purposes, it is 
more desirable to try to represent the set of 
scores by a single number. When selecting 
a single number to represent a whole set of 
numbers, the first thing we usually think of 
is the average. As we noted earlier, the 
scores we have been examining seem to 
cluster around a central point. It is this 
point of central tendency which statisti- 
cians identify when they report an average 
score. In statistics, there are several types 
of averages. Three are common in statisti- 
cal analysis—the mode, the median, and the 
mean. Each is called a measure of central 
tendency. For the data with which we have 
been working in this article, the mode, me- 
dian, and mean are close together. This is 
not always the case. They may be apprecia- 
bly different. 

The mode is quite easily identified 
from a frequency table or frequency graph. 
Itis the score that occurs most frequently — 
in a sense, the most popular score. In the 
ungrouped data presented above, we have 
already noted that the most frequent score 
is 16. This can be determined from Table I, 
Figure 1, or Figure 2. Thus 16 is the mode 


3. Frequency histogram of data in Table III. 
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of this set of scores. In the grouped data, 
the crude mode would be identified as the 
midpoint of the interval with the highest 
frequency. From either Table ILI or Fig- 
ure 3, we can see that the interval of highest 
frequency is 14-16. Hence 15 would be 
the crude mode of this distribution since it 
is the midpoint of the interval. Since indi- 
vidual scores have been obscured, we can- 
not be sure that it is actually the most 
frequent individual score, but it is our best 
estimate of the most frequent score. 

The median is the middle score ina set 
of scores. If we examine the set of scores in 
Table II, we see that the median is 16. If 
there had been an even number of scores, 
the median would have been reported as a 
figure that is half way between the two 
middle scores, 

Since the second set of data, presented 
in Table III and Figure 3, has been con- 
densed by grouping, we cannot work with 
individual scores and must find a new pro- 
cedure for identifying the median. From 
Table III, we find that the middle score 
must fall in the interval 14— 16. Since only 
69 scores out of the total number of 200 fall 
below this interval, we know that 31 of the 
60 scores in the interval 14- 16 must also 
be below the median. Since for grouped 
data we must assume that scores are evenly 
distributed within an interval, we will as- 
sume that the median lies Yeo of the width 
of the interval above its lowest boundary. 
31/60 X 3 (the number of scores in the inter- 
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4. In the graph of this 


distribution there are 2 
score and 25—that 
have the highest fre- 
quency Compare it with 
the graph in Figure 5. 


val) = 93/5) = 1.5 +, We add this number to 
the left end point of the interval 14- 16. We 
noted previously that this point is 13.5 
since an interval begins and ends halfway 
between two scores. Hence we have 13.54 
1.5 = 15. The median, then, is 15. 

The mean is the most commonly used 
measure of central tendency, and it the aver- 
age most of us think of first. It is found by 
dividing the sum of all the indi idual scores 
by the number of scores in the set. This cal- 
culation can be shortened when a frequen- 
Cy table is available if we multiply each 
score by its frequency and then find the 
sum. From Table 11, for example, we would 
perform the following calculation: (20 + 1) 
+ (19 + 2)+ (18 - 3) + (17 - 5) 4 (16 - 9)+ 
(15 - 6) + (14-4) + (13 : 3) + (12: 2)divided 
by 35 = 550 divided by 35 = 15.7. 15.7 is 
the mean. d 

When computing the mean for groupe 
data, we assume that the scores in any T 
terval are evenly distributed. We pe 
the value of the midpoint of each peni 
by the frequency, and we divide the sum o 
the resulting number by the total number "s 
Scores. In the case of the grouped data = 
Table III, we could compute the ma 
thus: (24 - 8) + (21 - i+ (16-4 
60) + (12 - 40) -- (9 - 21) + (6 - 8) divided by 
200 — 3,000 divided by 200 = 15. fe 

The calculation of the mean can d 
simplified by using more advanced me i 
ods. These are mathematically equivalen 
to the above calculations. 


The mode is used less frequently than 
either the median or the mean. It is useful 
only when we want to identify the number 
occurring most frequently in a set of num- 
bers. As a matter of fact, if the mode is to 
be truly meaningful, one number in a set 
must occur quite a bit more frequently than 
any other number in the set. The advantage 
of the mode is that, like the median, it is 
easy to identify and understand. But the 
term "mode" is sometimes ambiguous be- 
cause there may be more than one score 
with the “highest frequency" (see Figure 4). 
Also the mode is not too reliable as an in- 
dication of central tendency because the 
most popular score is not always near the 
center of a given distribution. 

he chief advantage of the median is 
that it is not affected by extreme scores. 
The "average" income in a community, for 
example, is often more accurately reflected 
by the median than the mean because the 
value of the median is not influenced by a 
few very high or very low incomes. The 
idea of the median is closely related to the 
concept of percentiles—a type of "score" 
students receive on certain standard tests in 
school. The median corresponds to the 
50th percentile. Other percentiles can also 
be used in connection with tests. They are 
valuable as a basis for comparing individual 
scores with other scores in a distribution. 

For most purposes, the mean is the 
best measure of central tendency. It is the 
only one of the three measures that depends 


upon the numerical value of each score in a 
distribution. It is a reliable indicator of 
"central tendency" because it always iden- 
tifies the “balancing point" or "center of 
gravity" in the distribution. Since the mean 
lends itself better to mathematical compu- 
tation, it is more suitable for deriving other 
statistical measures. For example, the 
means of two sets of data can be used to 
compute a mean for the combined set of 
data. This cannot be done with the mode or 
the median. 

However, the mean can give us infor- 
mation only about the central point in a dis- 
tribution. To understand a set of scores 
more fully, we also need to know how the 
scores spread out around this central point. 
For this reason, statisticians develop mea- 
sures of dispersion or variability. 

The simplest measure of distribution is 
the range, which is defined as the difference 
between the highest and lowest scores in a 
distribution. The range of spelling scores 
reported in Table II is easily identified. We 
simply subtract the lowest score (12) from 
the highest score (20). Since the range is 
sensitive only to the two extreme scores in 
a distribution, it is not considered a very 
satisfactory measure of dispersion. Its 
weakness is dramatized in the two distribu- 
tions whose graphs are presented in Fig- 
ures 4 and 5. Both the mean (15) and the 
range (20) are identical for these two distri- 
butions; yet the distributions are obviously 


different. 


5. In the distribution 
graph here, the mean 
(15) and the range (20) 
are identical with those 
in Figure 4. But the dis- 
tributions are different. 
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As with the median and the mode, the 
weakness of the range is that it does not 
take into account the numerical value of 
each score. A natural measure of dispersion 
involving every score is the average differ- 
ence between the individual scores and 
their mean. As we have seen, the mean 
serves as a “balancing point” for a distribu- 
tion. Hence we can measure the deviations 
from the mean in terms of positive and neg- 
ative differences. Deviations from the mean 
in one direction would be positive; in the 
other, negative. 

Since the mean is the “balancing 
point” or “center of gravity” for a distribu- 
tion, the sum of the deviations from the 
mean is 0. (This is because some of the dif- 
ferences are positive and others are nega- 
tive.) That is why we must employ the 
mathematical notion of absolute value to 
treat the deviations from the mean as dis- 
tances without regard to direction — that is, 
without indicating whether they are posi- 
tive or negative. The average of the abso- 
lute values of the differences between indi- 
vidual scores and the mean is called the 
mean deviation and is a simple and accu- 
rate measure of dispersion. For the distri- 
bution pictured in Figure 4, the calculation 
of the mean deviation would appear as fol- 
lows: 15 - |5—15|4 10-| 10—15|4 5. 
| 15—15 |--10- |20— 15 |-- 15 |25— 15| 
divided by 55 (frequency). It would be 
equal to 15- 10-- 10- 5-- 5. 04- 10-5415 
* 10 divided by 55. This would give us 

400 

LE 7.3 
. A similar calculation for the distribu- 
tion in Figure 5 would yield a mean devia- 
tion of 4.0. Thus greater dispersion is indi- 
cated for the figure in Figure 4. 

The use of absolute values presents 
mathematical difficulties Which can be 
avoided by using another measure. The 
positive and negative signs that led to the 
introduction of absolute values could also 
have been eliminated by squaring the devia- 
tions from the mean, since the Square of a 
positive or negative number is always posi- 
tive. Such a procedure preserves the de- 
Scriptive qualities of the mean deviation 
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while providing a measure that is easier to 
handle mathematically. He Statisticians 
prefer to use the standard deviation, indi- 
cated by the symbol "o", as a measure of 
dispersion. The standard deviation is de- 
fined as the square root o! the average 
squared deviation from the mean. Thus to 
calculate the standard de ion, we first 
find the average of the squ: of the devia- 
tions. This number is called the variance. 
Suppose we wished to find the variance and 
standard deviation (o) for lata in Table 
II. We would obtain the variance thus: (20 
— 15.7)? + X(19 — 15.7) .. X137 
15.7)? + 2(12 — 15.7)? divi by 35 (total 
number of scores.) This wouid be equal to 
128.15 divided by 35 — 3.66. The variance 


then is 3.66. We would then e 


c = V variance = V 3.66 = 1.9 
Similar calculations would yield a stan- 
dard deviation of 4.2 for the data in Table 
II. If we compare these two measures of 
dispersion, we see that the scores in Table 
II (the sample) are not so “spread out" as 


the scores in Table II] (the population). 
INTERPRETING THE DATA 


Together, the mean and the standard 
deviation give us a reasonably clear picture 
of a distribution, because they describe 
both its central tendency and its dispersion. 
Sometimes, if we know the general nature 
of the distribution, we need only these two 
numbers to reconstruct the distribution. 
For example, many sets of measurements 
have the normal distribution shown in Fig- 
ure 6. 

When a set of numbers "fits" such a 
Standard distribution, we can determine 
approximately how many of the numbers 
fall within a given distance of the mean. For 
the normal distribution, approximately tWo- 
thirds of the scores fall within one standard 
deviation of the mean. Thus, given the mean 
(15) and the standard deviation (4.2) forte 
Set of spelling scores in Table III, we enm 
"predict" that approximately two-thirds 0 
the scores would be between 10.8 and 19.2. 
Since the distribution is actually given in 
Table III, we see that 144 of the 200 scores 


6. A normal distribution curve. The symbol » stands for the mean; o stands 


for the standard deviation. 


actually do fall in this interval. The “predic- 
tion” is fairly accurate since the number of 
scores is relatively large and they do "fit" 
the normal distribution. 

_ The knowledge of such general models 
for distribution coupled with the laws of 
probability form the basis of predictive sta- 
tistics. Both statistics and probability have 
to do with distributions and it is upon this 
common focus that we capitalize in predic- 
tive statistics. In probability, the sample 
space (population) is known and we predict 
the composition of a set of outcomes 
(sample). In statistical inference, the sam- 
ple (set of outcomes) is known, and we 
infer the composition of the population 
(sample space.) Thus predictive statistics, 
also called statistical inference, can be 
thought of as an application of the laws of 
probability in reverse. 

If we could be certain that the distribu- 
tion of scores in a sample reflected exactly 
the distribution of scores in the population 
from which it was chosen, statistical infer- 
ences would be exact and simple to make. 
But even when a population is known, 
probability theory tells us that samples will 
not always be the same. The best we can 
hope for is that, if the sample is large enough 
and is carefully chosen, the sample charac- 
teristics will closely approximate those of 


the parent population. 
Suppose we had only the data recorded 


in Table II and wished to estimate the mean 
spelling score for all the English classes. 
Our best estimate would be the mean ob- 
tained for the sample: 15.7. But knowing 
that samples vary, we would hedge on this 
estimate. We would give a confidence inter- 
val within which we would expect the true 
mean of the population to fall. By assuming 
the total set of spelling scores to be normal- 
ly distributed and applying basic laws of 
probability, we could determine that there 
is 95 per cent chance that the population 
mean falls in a given interval with its center 
at 15.7. The 95 per cent is a measure of the 
confidence or reliability we can place in our 
interval estimate. It means that 95 of every 
100 populations from which a sample with 
the given characteristics might be chosen 
would have a mean within the determined 
interval. Because of the uncertainties in- 
volved in sampling, such an interval esti- 
mate, accompanied by a statement of the 
degree of confidence we can place in the 
estimate, is preferable to a single number 
approximation. 

The process of establishing confidence 
intervals permits us to test hypotheses 
about a population. Modifications of this 
process permit us to make statistical com- 
parisons of two samples drawn from the 
same population, to compare a sample to a 
known population, or to infer other charac- 
teristics of an unknown population. 
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PROBABILITY 


by F. Joe Crosswhite 


How often should we expect all three of the 
children in a family to be boys? 


What are your chances of winning a sweep- 
stakes contest or the door prize at a party? 


How likely are you to land on “Boardwalk” 
in your next turn in a game of Monopoly? 


If a batter averages 3 hits in 10 times at 


bat, what are his chances of getting 4 
straight hits? 


Have you ever wondered about the 
answers to such questions? Scientists often 
Ve Occasion to study questions of this 
general type (though much more complicat- 
ed than the four given above). In seeking 
the answers, they apply the mathematical 
theory of probability. 

Probability is a mathematician's way 
of describing the likelihood that a certain 
event will take place. It is used to predict 
the outcome of an experiment when this 
outcome is governed by the laws of chance. 
Probability theory enables us to determine 
probable characteristics of à sample drawn 


PROBABILITY 


from a population whose characteristics are 
known, Te len provides the basis for part of 
the related science of statistics. Statistical 
inference is an extension of probability the- 
ory. In it, the outcome of an experiment is 
used to estimate the conditions governing 
the experiment. We would be drawing a sta- 
tistical inference if we were to make brs 
educated guess about some population if 
examining the characteristics of a sample 
taken from that population. 
A aust il es consider some om 
Suppose we know that there are 400 re 
and 200 girls in a certain school and w 
conduct the experiment of choosing a 
Student from this school at random. In 4 
random selection, each student would eh 
exactly the same chance of being chori 
In this experiment, we would say ar te 
probability of choosing a boy is 7 an The 
probability of choosing a girl is "s. x 
numbers ¥/3 and Ys indicate that on We 
trage we should expect to choose a a 
two times out of three and a girl one ti 
out of three. er 
If we repeated the above ep 
fifteen times, our best estimate woul 


that the sample chosen should contain */ 
boys and Va girls. This is an example of how 
probability is used to predict the outcome 
of an experiment. The probable composi- 
tion of the sample was determined from the 
known composition of the population from 
which it was chosen, 

Suppose that in a second school we do 
not know the proportion of boys and girls 
but know only that the total number of stu- 
dents is 600, To estimate the ratio of boys 
to girls, we might conduct an experiment 
consisting of selecting 20 students at ran- 
dom. If the sample chosen in this experi- 
ment contains 10 boys and 10 girls, our best 
estimate would be that there are equal 
number of boys and girls in the school — that 
there are 300 boys and 300 girls. In this 
case, the composition of the sample permits 
us to make a statistical inference about the 
composition of the population from which it 
was drawn. 

As you see from these examples, prob- 
ability and statistical inference are very 
closely related, The latter may be thought 
of as an application of probability in which 
the reasoning process is reversed, Statisti- 
cal inference is only one aspect of the field 
of statistics, which also involves the col- 
lection, presentation, and analysis of data. 

The examples given above illustrate 
the basic idea of probability and suggest 
how it may be applied, but they also may be 
misleading. They were oversimpl 
order to avoid some of the more di 
problems which arise in the study of chance 
phenomena. In the first example, if we re- 
peated the experiment a very large number 
of times, we might expect to choose a boy 
at random instead of a girl just about two 
times out of three. But the chances uA 
lecting exactly 10 boys in a given sample 
15 are really quite small. This would hap- 
pen only about two times in any ten trials. 
Most of the samples of 15 would -— 
the theoretical ratio of *s (11 boys end 
girls or 9 boys and 6 girls, forexamphe) 
some would not be close at all s mr 
even choose a random sample of 1 

: In other words, the 
up entirely of boys. In be very 
most probable outcome may not 
probable at all. 


when it was actually Ys. 
Many interesting and useful problems 
complicated because 


outcomes. The use of such experiments to 
lustrate principles of probability is his- 
: - . Historians tell us that 


Tutt 
HH 
Sn 
jl 


began à correspondence concerning 
He malter with other mathematicians and 
this led to the development of probability 
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FIRST COIN 


HEAD 


1. Possible outcomes in the 
tossing of two coins. An analy- 
sis of the likelihood of each of 
the four possible outcomes 
appears in the text, 


the coin came to rest on its edge. If the coin 
is in fair condition and if we toss it vigor- 
ously, it seems reasonable to say that heads 
and tails are equally likely outcomes. A 
mathematician would say that the probabil- 
ity of heads is /2—that is, that the coin 
would land heads one time in two on the 
average. 

Suppose we complicate this experi- 
ment just a little by tossing the coin twice 
or, what comes to about the same thing, 
tossing two coins. We can see that three 
things might happen in this experiment. 
We could get two heads, or one head and 
one tail, or two tails. The diagram in Fig- 
ure 1 illustrates the possible outcomes in 
this experiment, 

Let H stand for “heads”, T for “tails.” 

If we examine the diagram carefully, 
we see that there are really four individual 
outcomes, or elementary events, possible — 
HH, HT, TH, and TT — when we toss two 
coins. HT is not considered here as the 
same thing as TH. We might, for example, 
use a nickel and a dime as our two coins. 

Since each of the four individual out- 
comes is equally likely to occur, we would 
expect to obtain HH one time in four. In 
other words, the probability is that we 
would obtain two heads one time out of 
four or, as a mathematician would indicate 


PROBABILITY 


‘AL OUTCOME 


SECOND COIN 


it, P (HH) = X4. Similarly would say P 
(HT) = Y4; P (TH) = Va; P(TT) = Y. 
Because what happens to the first coin 
has no effect upon what happens to the sec- 
ond coin, we say that the two tosses are 
independent. When two events are inde- 
pendent, we can use their individual pro 
bilities to compute the probability that bot! 
will happen in a single trial of an experi- 


ment. In this case, we could have used the 
probabilities associated with tossing a sin- 
gle coin—that is, P (H) = ¥/2; P (T) — ¥2—in 
order to compute the probabilities d 
ted with tossing two coins. For example, 


(HT) = P (H) - P (T) = Ye - Ya = Ha E 
EHE PD P (H) = Ya - Ya = YTS 
Symbol - stands for "times." Since 


event “one heads and one tails" could be 
cur in two ways, either HT or TH, e 
would expect to obtain “one heads and oni 
tails” two times in four on me quee an 
would assign probability to this event. 

We Eoi also use the individual prob- 
abilities assigned to the outcomes that 
and TH to compute the probability x 
either HT or TH will occur. When 
events cannot both occur in a oily 
trial of an experiment, the probal i á 
that one or the other will occur is the i 
of their individual probabilities. 44 
P (HT or TH)=P (HT) + P (TH)= “4 


= >. In these examples, we obtain the 
probability of an event either by counting 
outcomes of an experiment or by using pre- 
viously determined probabilities. 

‘Ve can apply the same principles in 
othe: experiments. Consider the question 
“How often should we expect all three of 
the children in a family to be boys?" If we 
assumed that equal numbers of boys and 
girls are born (this is not quite true), we 
would say that the probability of a boy, P 
(B). is 1/2 and that the probability of a girl, P 


(G), is also 1/2, The possible outcomes for 
this experiment would be equal in number 
to ihe outcomes for tossing three coins— 


BBE, BBG, BGB, BGG, GBB, GBG, 
GCS and GGG. Since BBB occurs in 
only one of the eight possible outcomes, we 
we say P (BBB) = ¥s. We could also 
have used the rule for computing the proba- 
bil that all of several independent events 
will occur—P (BBB) = P (B) - P (B) : P (B) 
=). Yə «Ms = Ys, Either way, we would 
conclude that we should expect all three of 
the children in a family to be boys about 
one ‘ime in eight. 

Some of the basic principles of proba- 
bility were involved in the examples dis- 
cussed above. Let us now examine these 
principles in more detail. 


SAMPLE SPACES 


To determine the probability of a par- 
ticular outcome of an experiment, we must 
be able to identify all the possible out- 
comes. Mathematicians call the set of pos- 
sible outcomes of an experiment a sample 
space for the experiment. In the simple 
examples that we shall consider, we shall 
usually find it convenient to list the sample 
Spaces. : 

When we considered the experiment of 
tossing a single coin, our sample space con- 
sisted of the two possible outcomes H an 

T (heads and tails). When we extended the 
experiment to the tossing of two coins (or 
one coin twice), we used a sample space 0 

HH, HT, TH, TT. In the experiment. of 
choosing a single student from a known 
school population, the samp 
volved was the set of all stu 
school. Since we were concern: 


le space in- 
dents in the 
ed only with 


whether we chose a boy or girl and not with 
which boy or girl, we could have used a 
sample space of only two elements — Boy 
and Girl. In this case, B could be used to 
stand for the set of boys and G for the set of 
girls. Each individual outcome of a sample 
space is also called a point or an elementary 
event. 

Although a single experiment will pro- 
duce only one set of individual outcomes, 
we may be able to use any one of several 
different sample spaces, depending on what 
we are investigating. For example, consider 
the experiment of drawing one card from a 
well-shuffled deck of cards. If we are con- 
cerned with the individual card drawn, we 
could use a sample space consisting of 52 
elements — every single card in the deck. In 
the same experiment, we might be con- 
cerned only with the face value of the card 
shown. In that case, our sample space 
would consist only of the 13 elements (1, 2, 
3,4, 5,6, 7, 8, 9, 10, Jack, Queen, King). Or 
we might be interested only in the suit 
drawn. In that case, we would use the sam- 
ple space of Clubs, Diamonds, Hearts, 
Spades. If we were concerned only with 
color, we could use a sample space of only 
two elements (Red, Black). In most experi- 
ments, we use the sample space identifying 
the characteristic on which we wish to con- 
centrate in the experiment. We can use the 
sample space of elementary events to build 
up other sample spaces by collecting the 
elementary events with like characteristics. 

You have probably played games, such 
as Monopoly and Parcheesi, in which your 
moves were determined by the throw of a 
die or a pair of dice. A sample space for the 
experiment of tossing a single die would be 
the set (1, 2, 3, 4, 5, 6}. It is rather more 
difficult to generate a sample space for the 
tossing of a pair of dice. To help us keep 
things straight, let us suppose that one die is 
red and the other one green. An outcome of 
4 on the red die and 3 on the green die 
would be different from an outcome of 3 on 
the red die and 4 on the green die. If we 
agreed to write the outcome on the red die 
first and the outcome on the green die sec- 
ond, we could show this difference by set- 
ting down the pairs, (4,3) and (3,4). 
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TABLE 1 


At the right is a sample space 
for the tossing of a pair of dice. 
It is assumed that one of the 
dice is red and the other green; 
also that the outcome of the red 
die is given first in each of the 
pairs shown in the table. Note 
that in the text the two out- 
comes, separated by a comma, 
are given in parentheses. Thus 
we would refer to (2,5), (4,3), 
(6,1) and soon. 


Table 1 shows the sample space for the 
experiment of tossing a pair of dice. Sup- 
pose that you tossed the dice and that the 
red die came up 4 (that is, came to rest with 
the number 4 uppermost) and the green die 
came up 3. Moving horizontally from 4, at 
the extreme left of the table, until we came 
to the column headed by 3, we would find 
the pair (4,3). We shall have occasion to 
refer to this sample space several times in 
the course of this article. 

See if you can list sample spaces for 
the following experiments: 


1. Toss a coin and a die. [Hint: two 
points in this sample space could be (H,3) 
and (T,2).] 

2. Toss a nickel, dime, and quarter. If 
the nickel comes up heads, the dime tails, 
and the quarter heads, we can indicate this 
by (H,T.H). You should find 8 points for 
this sample space. 


PROBABILITY OF AN EVENT 


An event is by definition any subset of 
a sample space. In other words, if each 
member of set A is also a member of set B, 
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we say that A is a subset of B. If set A= 
(1, 2, 3} and set B = (1, 2, 3, 4, 5}, then 
set A is a subset of set B. Thus an event is a 
set of individual outcomes of an experi- 
ment. An elementary event, as we have in- 
dicated, is a single individual outcome. In 
order to assign probabilities to an event— 
that is, to a set of individual outcomes — We 
must first be able to assign probabilities to 
individual outcomes of the experiment. 

If we consider, for example, the exper- 
iment of drawing a single card from a deck 
of cards, there are 52 elementary events oF 
individual outcomes possible. If we make a 
random draw, each card has exactly de 
same chance of being drawn. Thus to eac 
of the 52 possible outcomes we would n 
sign the same probability — '/ss. Note po 
the sum of the probabilities assigned to t a 
elementary events is 1. The probability © 
an event that is certain is also 1. d 

The same basic principle may be u 
to answer the question “What are yon 
chances of winning a sweepstakes com 
or the door prize at a party?” In each ora 
if the total number of tickets is n and ro 
hold only one ticket, then you would hav 


only one chance in n of winning. Thus the 
probability of your winning would be 1/n. 

in the experiment of drawing a card 
from a deck, we may be concerned only 
with whether the card is an ace. Then the 
even: with which we are concerned con- 
sists of four elementary events —the ace of 
clubs, the ace of diamonds, the ace of 
hearts, and the ace of spades. We still would 
have to draw at random from the entire 
deck of cards, numbering 52. Since 4 out of 
the 52 cards belong to the event just de- 
scribed (4 aces), we would say that the 
probability that the outcome is an ace is 
We could use the symbols P (Ace) — 
represent this statement. 

Suppose that in the above experiment 
we were concerned only with the color of 
the card chosen. Do you see why P (Red) 
= 2652} We can use the probabilities as- 
signed to elementary events to assign prob- 
abilities to the points in other sample 
spaces. For example, if we were using the 
sample space Clubs, Diamonds, Hearts, 
Spaces, we could assign the probability of 
Y4 to each point in the sample space since 
P (Clubs) = !3sa = Ya. 

We can summarize the above discus- 
sion hy setting down the following rule: 


(Rule 1) 


If an experiment can result in 
n different but equally like- 
ly outcomes and if m of 
these outcomes correspond to 
event X, then the probability 
of the event is P (X) = m/n. 


Applying this rule, let us find the prob- 
abilities of some events in the experiment 
of tossing a pair of dice. Table | lists 36 
possible outcomes for this experiment. 
Thus we could assign a probability of !/se to 
each of the elementary events. Now con- 
sider the event “The sum of the numbers 
shown is 7.” If we let r stand for the num- 
ber on the red die and g for the number on 
the green die, we can represent the event as 
t+ ¢ =7. How many of the elementary 
events correspond to this amount? In other 
words, how many of the pairs in the table 
add up to 7? Consult the table to find the 
answer. You will see that P (r + 8 — ^^ 
%/s6. If we considered the event “The same 


number appears on both dice," we could 
call the event “r = g” or, as is common in 
many games played with dice, "Double." 
There are six such pairs — (1,1), (2,2), (3,3), 
(4,4), (5,5) and (6,6). Thus P (r = g) = P 
(Double) = 9/e. What is P (r + g > 7)? The 
symbol > stands for “is greater than." Are 
you able to find 15 points in the sample 
space that corresponds to this event? You 
should be able to, for P (r + g > 7) = ae. 

These examples should suggest a way 
to answer the question "How likely are you 
to land on ‘Boardwalk’ in your next turn in 
a game of Monopoly?" Suppose, for exam- 
ple, that you are located on "Pennsylvania 
Avenue,” which is 5 spaces from "Board- 
walk." To determine the probability of your 
landing on “Boardwalk,” carry out the ex- 
periment of tossing two dice. You would 
land on “Boardwalk” if the numbers shown 
on the dice totaled 5. What is P (r + g = 5)? 

Try the following problems: 


1. If a box contains 4 red marbles and 
5 white marbles, what is the probability of 
drawing a red marble on the first try? 

2. Whatis the probability that you will 
draw a face card (Jack, Queen, King) from 
a deck of cards? 

3. What is the probability that you will 
get a 5 when you toss a single die? : 

4, What is the probability that you will 
not get a 5 when you toss a single die? 


COMPLEMENTARY EVENTS 


There is a relationship which frequent- 
ly simplifies the computing of a probability. 
Consider the example pictured in Figure 2. 
There are 10 points in the sample space S. 
The event A contains 4 of these points and 
the remaining 6 points are not in A. The set 
of points which are not in a given set A is 
called the complement of A and is usually 
indicated by the symbol A. If the elementa- 
ry events in the sample space S are equally 
likely, then P (A) — 410 and P (A) = %10. 

In a sample space of n equally likely 
events, if an event A occurs in m of the out- 
comes, then the event A will occur in n — m 
outcomes. Thus if P (A) ^ m/n, then P (A) 
— (n — m)/n. Now (n —m)/n = 1 = m/n. We 
obtain this result by dividing both the nu- 
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merator and the denominator by n, as fol- 
lows: 


We can now give the following general rule: 
P (A)=1—P (A) (Rule 2) 


Sometimes it is easier to compute the 
probability of one of two complementary 
events than it is to compute the probability 
of the other. In such cases, we compute the 
easier probability. We then use the relation- 
ship indicated in Rule 2 to derive the proba- 
bility of the complementary event. For 
example, in some games played with dice, 
there is either a premium or a penalty asso- 
ciated with throwing doubles. We could 
compute the probability of not throwing a 
double by counting the sample points in 
Table | which are not doubles. (There are 
30 of them.) Or we could compute the prob- 
ability of throwing a double (R = G) and 
use the relationship in Rule 2 to derive 
the probability of not throwing a double 
(R # G). The symbol # stands for “is not 
equal to.” 


PROBABILITY OF "A OR B" 


A situation that often arises is the find- 
ing of the probability of an event that might 
be expressed as "either event A or event 
B." By the event A or B we mean the set of 
outcomes which correspond either to event 
A or event B or possibly both A and B. 

Consider the example shown in Figure 
3. There are 10 points in the sample space 
S. In this sample Space, P (A) = 3/10 and P 
(B) = ?/1v. Since the event A or B contains 
the 3 elements of A and the 2 elements of 
B, then P (A or B)= P (A)+ P (B)— 5/0. In 
this instance, there are no elements that are 
in both A and B. A and B here are mutually 
exclusive events, meaning that they cannot 
both occur in a single trial of an experiment. 
When events A and B are mutually exclu- 
sive, we can find the probability of A or B 
simply by adding the probability of A to the 
probability of B as follows: 
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If events A and B are mutu (Rule 3) 
ally exclusive, then P (A or B 
= P (A) + P (B) 
For example, suppose we were re- 


quired to find the probability of throwing 
either a 7 or a double in a toss of two dice. 
Since 7 is an odd number, it is not possible 
for a single toss of two dice to produce both 
a 7 and a double. Thus the event (r +g=7) 


and the event (r= g) are mutually exclusive. 
We have already seen that P (r + g — 7)— 
Ó/ae and that P (r= g) = “ss. Hence, applying 


rule 3, P (r + g = 7 or r = g) = "ae + fse = 
U/se. Can you verify this by counting the 
appropriate points in the sample space 
shown in Table 1? 

When both events are not mutually 
exclusive—that is, when they can both 
Occur in a single outcome — we cannot use 
the addition principle of Rule 3. Consider 
the situation presented in Figure 4. In this 
example, the sample space S consists of 10 
equally likely elementary events; 5 out 
comes correspond to event A and 4 out- 
comes to event B. Hence P (A) = "1o and P 
(B) — */o. If we were to apply Rule 3 here, 
we would have P (A or B) — P (A) + P (B) 
310 + 5/10 = %10. This answer would be in- 
correct. The reason is that events A and 
are not mutually exclusive, since 2 out 
comes belong to both A and B. To obuna 
correct answer in this case for P (A or B) 
we need to apply the following rule: 

P (A or B) = P (A) + P (B) (Rule 4) 
— P(A and B) 


Let us consider an example in which 
this rule could be used. Suppose we wanted 
to find the probability of drawing either a 
face card or a spade from a deck of cards. 
P (Spade) = 13/52 and P (Face Card) = !%/s2. 
(Remember that each of the four suits has 
three face cards— Jack, Queen, and King.) 
There are three cards which are both face 
cards and spades. Therefore P (Spade and 
Face Card) = ¥/s2. Applying Rule 4, we 


would conclude that P (Spade or Face 
Card) = 13/52 + 12/52 — 3/52 = 74/52. Could you 
list the 22 cards that would belong to the 


event "Spade or Face Card?" 

If we agree that the probability of an 
event which cannot occur is 0, then Rule 4 
could replace Rule 3, involving mutually 
exclusive events. This is why. When two 
evenis A and B are mutually exclusive, 
then the event A and B cannot occur and 
we would say P (A and B) — 0. Applying 
Rule 4, P (A or B) = P (A) + P (B) - P 
(A and B) = P (A) +P (B) — 0= P(A) + 
P (B). This would be the equivalent of 
Rule 3: P (A or B) = P (A) + P (B). 

Here are two rather simple problems 
for vou to try: 

|. What is the probability that you 
couid throw either a 7 or an 11 on a single 
throw of 2 dice? 

2. What is the probability that you 
would throw either a double or a total of 
more than 9 on a single toss of 2 dice? 


PROBABILITY OF "A AND B" 


When two events, A and B, are inde- 
pendent, we can compute the probability of 
the event A and B by using the following 


3. Diagram of two mutually exclusive events. 


: ae x x 
A 
x x 
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rule, involving the multiplication principle: 


If events A and B are inde- (Rule 5) 
pendent, then P (A and B) — 


P (A): P (B) 


Intuitively, we would expect two 
events to be independent when they have 
nothing to do with each other. Although 
this is usually a reliable rule of thumb, it 
must be used with care. For example, when 
two events are mutually exclusive, our first 
thought might be that they have nothing to 
do with each other. But when one of two 
mutually exclusive events occurs, the other 
cannot possibly occur. Thus the occurrence 
of one of these events certainly affects the 
probability that the other also occurs. Mu- 
tually exclusive events, therefore, are never 
independent of one another. For two events 
to be independent, the occurrence of one 
must not affect the probability that the 
other occurs at the same time. 

Here is a problem involving two inde- 
pendent events, in which Rule 5 could be 
applied. Suppose that we toss two dice. 
What is the probability that the number 1 
would come up on the red die and that the 
number 3 would come up on the green die? 
In this case, the outcome on the green die 
has nothing to do with the outcome on the 
red die. We therefore have two independent 
events. The possibility of any one of the 
numbers 1, 2, 3, 4, 5 and 6 coming up on the 
toss of a single die is e. The probability of 
the outcome (1,3) on à toss of two dice 
would be calculated as follows, in accor- 
dance with Rule 5: P (1 and 3) — P(I): PQG) 
=e: Vg = "36. 4 fale 

By using the multiplication principle, 
we can provide an answer of sorts to the 
question “If a baseball player averages 3 
hits in 10 times at bat, what are his chances 
of getting 4 straight hits?” If we assume 
that the times at bat are independent trials, 
we could compute the possibility of 4 
straight hits in this way: P (HHHH) — P 
(H): P (H) - P (H): P (H) = Vio * 10 * 10 * 
3/10 = 81/10,000. We would expect the batter 
to get 4 hits in a row about 81 times in 
every 10,000 sequences of 4 times at bat. 
This probability would hold if we were right 
in assuming that the 4 times at bat would be 
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independent trials. The assumption might 
not be a sound one in this case. For one 
thing, the batter would probably hit better 
against certain pitchers than against others. 
Also, getting a hit or not getting a hit might 
have an effect on his chances the next time 
he came to bat. 

Consider the event "Double and 
Even" in the experiment of tossing two 
dice. By “Double,” of course, we mean that 
the same number would come up for both 
dice; by “Even,” that the sum of the two 
numbers would be an even number. In this 
case, P (Double) = %/s6 and P (Even) = !5/a. 
If we applied the multiplication principle 
for independent events, as stated in Rule 5, 
we would have P (Double and Even) = 9/as - 
18/36 = 108/596 = Y36. But if we examine 
Table 1, we will find 6 points that corre- 
spond to the event Double and Even. 
Therefore the true value of P (Double and 
Even) is %s6 and not °/s¢, as our calculation 
had seemed to indicate. The reason is that 
in this case the two events are not indepen- 
dent. If we throw a double, we are certain 
to throw an even number, This means that 
if we have thrown a double, the probability 
that we have also thrown an even number is 
1. Again, if we know that we have thrown 
àn even number, the probability that we 
have also thrown a double is Ya. This is de- 
termined by counting the number of ways 
an even number can occur (18 in all) and 
the number of these occurrences which are 
doubles (6). 

In order to calculate (P (A and B) when 
the events are not independent, the multi- 
plication principle for independent events 
(Rule 5) can be generalized as follows: 


P (A and B) = P(A) - (Rule 6) 
P (B/A) 
B/A would be read as "B given A.” When 
we know that the event A occurs, we can 
compute P (B/A) by thinking of the event A 
as a reduced sample space. To show what I 
mean, examine Figure 5. The sample space 
S consists of 10 equally likely events, of 
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If we think of these 5 points as a new sam- 
ple space, then 2 of the equally likely out- 
comes belong to the event B. Thus P (B/A) 


= */s. Applying Rule 6, we can compute P. 
(A and B)= P(A)  P(B/A) = %/10 - 3/5 = Mfg 
= %10. This, as you can see, agrees with 
what we would obtain by a direct count of 


the points that belong to both A and B in 
Figure 5. 

If events A and B are independent, 
then the probability that B. occurs will not 


be affected by the fact that A occurs. Thus 
for independent events, P (B/A) = P (B). 
Suppose we were to select one card froma 
deck of cards. What is the probability that 
the card selected will be both a red card (R) 
and a face card (F)? Since half the cards are 
red, we know that P (R) = %/s2. Of the 26 
red cards, 6 are face cards. Hence P (F/R) 
= Yas. Since P (F) = 12/5 = 9/2s and P (F/R) 
is also 92s, the events F and R are indepen- 
dent and P (R and F) — P (R) - P (F). Thus 
the multiplication rule for independent 
events (Rule 5) is a special case of the more: 


general Rule 6: P (A and B) = P (A) : P- 


(B/A). D 
Here are some problems involving 
probability of “A and B." 


l. A coin is tossed and a die is e 
What is the probability of obtaining heads 
anda 3? : 

2. A card is drawn and a die is tossed. 
What is the probability of getting two 6 sy 

3. A card is drawn froma well-shufll ‘i 
deck. What is the probability that it is ner 
ther a face card nor a red card? 


5. Diagram illustrating reduced sample space. 


DEGREE OF CONFIDENCE 


in this brief introduction to probabili- 
ty, we have touched on only a few of the 
basic principles involved. The scope of 
probability theory is much broader than our 
discussion would suggest. For example, we 
simplified matters a good deal by dealing 
only with situations in which the individual 
outcomes of an experiment were equally 
likely. In many situations, this is not the 
case. Calculations then become more com- 
plex and new dimensions are added to the 
study of probability. 

In our simplified presentation, we 
merely pointed out that predictions based 
on probability are uncertain. The scientist 
accepts this, but he wants to know how 
uncertain. He recognizes that in trying to 
predict the outcome of an experiment sub- 
ject to the laws of chance, he may often be 
wrong. He needs to know how often and 
how wrong. He wants to establish the de- 
gree of confidence he can place in his pre- 
dictions. Probability theory provides the 
basis for establishing this particular degree 
of confidence. 


MANY USES 


If you go at all deeply in! i 
mathematics, you will find occasion to 
work with some of the more complicated 
and intriguing aspects of probability theory. 
You will also obtain a clearer idea of the 


many ways in which this theory ae 
man. Let me point out here a few of its 
fix a limit with- 


uses. It enables scientists to 


to the study of 


in which the deviations from a given physi- 
cal law must fall if these deviations are not 
to count against the law. It has been used to 
calculate the positions and velocities of 
electrons orbiting around the nuclei of 
atoms. The fluctuations in density of a giv- 
en volume of gas have been analyzed by 
applying probability theory. It has played 
an important part in genetics; among other 
things, it has made it possible to calculate 
the percentage of individuals with like and 
unlike traits in successive generations. 
Manufacturers use probability theory to 
predict the quality of items coming off 
mass-production lines. Insurance experts 
make extensive use of the theory. It en- 
ables them, for example, to calculate life 
expectancies so that they may set appro- 
priate life insurance rates. Finally, because 
of probability theory, electronic computers 
can be programmed to predict the outcome 
of elections on the basis of comparatively 
few returns and with what is generally a 
surprising degree of accuracy. The compar- 
atively few failures of computerized elec- 
tion prediction cannot obscure the success 
attained by this technique. 

Blaise Pascal, who developed the theory of pro- 
bability. 


Bettmann Archive 
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GAME 
THEORY 


by Joseph G. Cowley 


Five criminals huddle in a building, 
plotting a crime. Outside waits a lone po- 
liceman, determined to capture the leader. 
The criminals don't know he is out there. 
Nonetheless, they plan to leave randomly, 
one at a time, to avoid drawing attention to 
themselves. All the policeman knows is 
that the leader is the tallest of the criminals. 
He cannot capture more than one of the 
men, for he would be overpowered. He has 
no way of getting help. As the men come 
out, which one should the policeman 
arrest? The first? The second? The last? 

If he made the arrest on a random ba- 
sis, the policeman would only have a 20 per 
cent chance of getting his man. Game theo- 


rists say he can do better by following a cer- 

tain strategy, or plan of action: let the first 

two men go, and arrest the next man to 

come out who is taller than the first two 

men. If he does this, the policeman standsa 

40 per cent chance of capturing the leader. 
This is a simple problem in game the- 

f 


ory, a fascinating new branch of mathemat- 
ics that deals with risk in conflict situations, 
It gets its name from the fact that so many 
conflict situations in the real world of busi- 


ness, finance, the military, and so on are 
similar in basic structure the parlor 
games we know so well: ze, poker, 
checkers, chess, even ticktacktoe, Both in 
games and in everyday events, people 
compete with one another. There are rules 
by which the game must be played; there 
are outcomes, or payoffs—such as win, 


lose, and draw —that result from the oppo- 
nents' different moves, or strategies; and 
there is generally some information avail- 
able to one or more of the players involved. 


In game theory it is assumed that the 


Two boys playing chess, a zero-sum game involving a pair of players following 
set rules, with a clear objective —simply to win. j 
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The complicated game of football, invol 
2 game, with a higher numerica 
and tactics can be worked 
of the team. Right: a play in action. 


objective of each player is to maximize his 
gains or minimize his losses. It is also as- 
sumed that he is faced with a rational oppo- 
nent whose objective is to do the same. Of 
the cop-and-robbers situation is 
E a one-person game. The robbers 
don't know they are competing with the po- 
liceman. If they did, they would try a strate- 
gy of their own. They might assume that the 
policeman is a game theorist and therefore 
send their leader out first. On the other 
hand, the policeman might realize that they 
would think this, and therefore arrest the 
first man to come out. In short, a game can 
be complicated. 
Aside from one-person games, which 
are apt to have little value and to be easy to 
solve, perhaps the simplest games are 
games of two persons (individuals or teams) 
Where the losses of one are the gains of the 
other. This kind of game is called a two- 
person zero-sum game. Zero-sum means 
that what one side gains, the other side 
loses—and vice versa. The 
the game doesn't increase or decrease dur- 
ing the course of playing the game. , 
It is easy to imagine games where this 


total value of 


Mickey Palmer, DPI 


ving two teams pitted against each other 
| score. There are rules; but all kinds of 
out. Left: the coach explains a play to 


isn’t the case. Two advertisers competing 
for a market, for example, might not only 
increase or decrease their shares of the 
market throught their advertising, but might 
actually increase the total market. To best 
illustrate game theory, we will stick to the 
two-person zero-sum game. 

CASE OF THE COMPLICATED 

COLLECTION 


mes are finite. That is, there 
tain number of strategies, or 


Most gai 
are only a cer 
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strategies 
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alternatives, that each player can follow 
and the game is “solved” in a certain num- 
ber of plays, or moves. Some games are 
also games of perfect information: we 
know, or can see, each move our opponent 
makes. Checkers, chess, and ticktacktoe 
are examples of finite games of perfect in- 
formation. Chess tends to be interesting 
because so many different moves are pos- 
sible. A game like ticktacktoe tends to be 
less interesting because there are so few 
moves and it can be solved so easily. In 
fact, in ticktacktoe the first player to go can 
assure himself of at least a draw if he makes 
his mark in one of the corner squares. The 
second player can guarantee a draw if he 
makes his mark in the center Square —as- 
suming, of course, that each subsequent 
move is made to block his opponent. 

To illustrate game theory, let’s con- 
sider a finite, two person zero-sum game of 
imperfect information. Let’s assume that 
Abe owes you $60, and Bill owes you $40. 
To collect the money you must be at either 
Abe’s or Bill’s place of employment on 
payday at 5 P.M. The situation is further 
complicated by the fact that these two men 
owe the same amounts of money to a fellow 
we will call your opponent: Oscar. 

Whoever is at Abe’s or Bill’s place of 
employment at 5 P.M. gets the money. If 


both of you show up at one place, you split 


the money. But if neither of you shows up, 
Oscar gets the money because he is a spe- 
cial friend of both Abe and Bill, Both you 
and Oscar have this information. Thus you 
must determine where you should go to 
maximize your gain: to Abe’ Bill’s? 

This is a problem that can be solved by 
using game theory. It is a conflict situation: 
you want to get as much money as you can 
while Oscar, who could get he money 
if you didn’t go to either p wants to 
minimize his losses. It is a 2 sum game 
because the total amount to be paid out 
($100) stays the same whate\ strategies 
are used. 
CHOICE OF STRATEGIES 

The game you and Oscar play is called 


a 2 X 2 game: there are 2 strategies avail- 


able to you and 2 available to Oscar. Each 
of you can go to see either Abe (strategy A) 
or Bill (strategy B). Some two-person 
games have many more strate s available 
to the players. For example, in a 2 X 3 
game, your opponent has 3 itegies to 
choose from while you have only 2. Ina4X 
3 game, you have 4 strategies to your oppo- 
nent's 3. In a 3 X m game, / means that 
your opponent has many strategies from 


which to choose. 


Paul Conklin, Monkmeyer 


Ashopper studying brands of products ina 
grocery. Manufacturers and advertisers 
apply game theory to capture a share of the 
food market. 


Large games can usually be reduced to 
more-manageable proportions because 
some of the strategies will not make sense 
in terms of the game. For example, if all the 
payoffs for a particular strategy are zero, 
there is no reason to choose this strategy. It 
may as well be eliminated from considera- 
tion. 

We can best illustrate a game by a pay- 
off matrix. This indicates what happens 
when the players select their different strat- 
egies, Figure 1 shows a payoff matrix for 
the game between you and Oscar. This 
matrix show your payoffs when you and 
Oscar select either of your different strate- 
gies. 

It is conventional to have a matrix 
show payoffs for the player whose strate- 
gies are listed on the left side of the matrix. 
This is the player who wants to maximize 
his gains. The payoffs shown are gains, in a 
zero-sum game, for the player whose strate- 
gies are listed at the left. The payoffs are 
losses for the person who is named at the 
top of the matrix. 

The matrix shows that if both you and 
Oscar choose strategy A (going to see Abe), 
your payoff will be $30. If you choose A 
and Oscar chooses B (going to see Bill), 
your payoff will be $60. If you choose B 
and Oscar chooses A, your payoff will be 
$40. If you both decide to choose strategy 
B, your payoff will be $20. 

Some additional figures are shown out- 
side the squares in Figure 1. These help us 
“solve” the problem following game-theory 
procedure. The particular theory we will 
follow was first proposed by the mathemati- 
cian John von Neumann in 1929 and exten- 
sively developed in a book he wrote with 
Oskar Morgenstern, published in 1944, ti- 
tled Theory of Games and Economic Be- 
havior. h 

The figures outside the matrix are 
called rim figures. The column at the right 
gives the row minima: the minimum 
amount in the row opposite which it ap- 
pears. The row at the bottom of the matrix 
gives the column maxima: the maximum 
amount in the column under which it ap- 
pears. Game theory says that you should 
choose the strategy that provides ibe matt 


mum of your minimum gains. This is called 
your maximin. Your opponent, if he is ra- 
tional, should choose the strategy that 
provides the minimum of his maximum 
losses. This is called his minimax. In Figure 
1, your maximin and Oscar’s minimax are 
circled. 

The purpose of game theory is to elimi- 
nate chance or probability from your prob- 
lem. By choosing strategy A you guarantee 
yourself a gain of at least $30. If your oppo- 
nent is stupid enough to choose strategy B, 
you'll make $60. Oscar, on the hand, will 
choose strategy A because it guarantees 
him a maximum loss of $40—if you try to 
be wily and choose strategy B. But Oscar 
knows you won't try strategy B, since you 
would make only $20 if he, too, chooses B. 
Either one of you could, of course, try to 
outsmart the other. But then you would be 
gambling, and this is what game theory 
avoids. It is, instead, a mathematical tech- 
nique for guaranteeing a minimum gain (or 
maximum loss) from a conflict situation. 


MIXED STRATEGIES AND SADDLE 
POINTS 


We assumed that your game with 
Oscar would be played only once. That is, 
each player was to make only one move. 
But most games, in both real life and among 
parlor games, involve a number of moves. 
Matching pennies is a good example. In 
this game, if you choose a "pure" strategy, 
such as playing heads all the time, you 
could wind up losing your shirt (or at least 
all your pennies). Frequently, such a situa- 
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tion calls for a “mixed” strategy, like play- 
ing heads and tails each 50 per cent of the 
time on a random basis. Tossing the coin 
before each play would achieve this aim. In 
fact, even those who know nothing about 
game theory usually play the game this 
way. 

Now let’s look at your game with Os- 
car again and assume that it is to be played 
many times. Does a pure strategy then 
make sense? Not quite. We’ve determined 
that Oscar will choose strategy A because, 
if he doesn’t, you might get $60 instead of 
$30. But let’s fool him. Let’s choose strat- 
egy B, getting $40 instead of $30. How 
long will Oscar allow this? If you choose B, 
then he will also choose B, thus reducing 
your winnings to $20. You can switch back 
to strategy A and gain $60. But he’ll also 
switch back to strategy A. Before long, 
both of you are employing mixed Strategies, 
trying to best each other. Now the question 
is: what kind of mixed strategy should you 
employ? 

Before we answer this question, let’s 
consider whether or not a mixed strategy 
should be used in a particular game. Game 
theory says that a mixed Strategy should 
not be used if the game has a saddle point. 
A game is said to have a saddle point if the 
maximin equals the minimax: that is, if the 
maximum of your minimum gains equals 
the minimum of your Opponent’s maximum 
losses. The game with Oscar does not have 
a saddle point, as you can see by comparing 
the two circled figures in Figure 1. There- 
fore, the game calls for a mixed strategy. If 
the two circled figures were equal, then the 
game would have a saddle point, and each 
player should choose the pure strategy dic- 
tated by his maximin or minimax. Let us 
illustrate this, 

In Figure 2 we have changed the pay- 
offs (or payouts, as they are sometimes 
called) to create a saddle point for the 
game. Your maximin equals Oscar's mini- 
max. Under these conditions it doesn't 
make sense for you to choose Strategy B. 
You would only lose. Oscar, who assumes 
that you are rational, cannot do other than 
choose strategy A, too. If he chooses strat- 
egy B, he stands to lose $100 instead of 
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$50. So both of you will continue to choose 
strategy A. Such a game is said to be strict- 
ly determined. 

Now let's return to the original game 
and see what mixed strategy each player 
Should employ to maximize his gains 
(assuming that the game is played many 
times). 


VALUE OF THE GAME 


Every game has a certain value. The 
value of the strictly determined game in 
Figure 2 is $50. The value of the original 
game (in Figure 1), played on a one-time 
basis, is $30. (Both these values are, of 
course, yours, and we will continue to 
speak of the value of the game in your 
terms.) 

Ifthe original game is to be played ona 
continuing basis, both you and Oscar will 
begin mixing your strategies, each trying to 
get the better of the other. What the two of 
you are really fighting over is the $10 
spread between your guaranteed minimum 
gain of $30 and his guaranteed maximum 
loss of $40—if each of you plays a pure 
Strategy. By mixing strategies each of you 
hopes to get as much of this $10 as possi- 
ble. This suggests that the value of the 
game lies somewhere between $30 and $40. 
How can Oscar assure himself that you get 
no more than that amount? The answer 
lies in mixing strategies in a prescribed way. 

After determining that the game does 
not have a saddle point, erase the rim fig- 
ures. Determine the absolute differences 
between the payoffs in each row and col- 
umn and write these figures in the margins. 
These figures are called oddments, or part 
of the odds in using each of the strategies. 


Prisoner B 


Prisoner A 


We've done this for you in Figure 3. You 
can see that the differences in the row pay- 
offs are $30 and $20, while the differences 
in the column payoffs are $10 and $40. 
These figures are the ratios with which the 
different strategies should be played (3 to2 
for you, and 4 to 1 for Oscar). Each figure, 
however, applies to the opposite strategy. 
In other words, your mixed strategy should 
be to play strategy B 3 times and strategy A 
twice out of every 5 plays; Oscar’s mixed 
strategy should be to play strategy A 4 
times and strategy B once in the same num- 
ber of plays. 

Even though your opponent can easily 
figure out your overall strategy, it is best to 
keep him guessing about each individual 
move. Otherwise he might outfox you. You 
should choose each move on a random ba- 
sis. For example, you might throw 3 red 
cards, representing strategy B, into a hat 
together with 2 black cards representing 
strategy A. Before each move mix the cards 
and withdraw one. Let this card determine 
the strategy you choose. Throw the card 
back into the hat and repeat the process for 
the next move. In the long run you will play 
your strategies in a ratio of 3 to 2, and the 
probability is high that you will achieve the 
value of the game. The value of the game Is 
easily determined. For each row, multiply 
the oddment times each payoff in the other 
row. Add the products together and divide 
by the sum of the oddments. Average your 
answers for the rows. This gives the value 
of the game if you play your prescribed 
mixed strategy. Do the same for the col- 
umns. This gives the value of the game if 
your opponent plays his prescribed mixed 
strategy. These two values should be the 


same. Over the long haul, the value of the 
game will be achieved if both of you play 
your prescribed mixed strategies. If one 
player deviates from his prescribed strate- 
gy, chances are he will not achieve the val- 
ue of the game. 

The arithmetic involved in determining 
the value of the game is illustrated in these 
equations: 


20 x 30+ 20 X 60_ , 
38 eL SET RN ee 


30 x 40 + 30 x 20 _ 


CERTES be 
Value of the game =r = 36 
40 x 30 + 40 x 40 _ s6 
40 + 10 m" 
10 x 60 + 10x 20 _ ic 
40 + 10 H 
Value of the game = 367.15 = 36 


The value of the game, if both players play 
rationally (i.e., use their prescribed mixed 
strategies), is $36. 


NON-ZERO-SUM AND N-PERSON 
GAMES 


When we move away from the two- 
person, zero-sum game, problems become a 
bit more complicated. For one thing, psy- 
chology, negotiation, and communication 
may become factors in the problems. 

A non-zero-sum game, you will recall, 
is one in which the losses of one player are 
not necessarily the gains of the other. That 
is, the total value of the game does not nec- 
essarily remain the same throughout the 
play. An example of a two-person, non- 
zero-sum game is “the prisoners’ dilemma.” 
lemma.” 

Imagine that two criminals suspected 
of a bank robbery are arrested and placed in 
separate jail cells so they cannot communi- 
cate. If one confesses and turns state's 
evidence, he will go free. The other will be 
sentenced to 20 years in prison. If both 
criminals confess and throw themselves on 
the mercy of the court, they will each re- 
ceive a 5-year sentence. If neither con- 
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feesses, they will each get | year for carry- 
ing concealed weapons. If you were one of 
the prisoners, what would you do? 

This conflict situation is pictured in 
Figure 4. The strategies are confession (C) 
and no confession (NC). Because this is a 
non-zero-sum game, the payoffs for both 
players are listed in each square, with play- 
er A’s payoff to the left of the comma and 
player B’s payoff to the right. Study only 
your own payoff. As a good game theorist, 
you should choose the strategy that pro- 
vides your minimax, the minimum of your 
maximum losses. Thus you should confess. 
The worst that could happen would be a 5- 
year sentence. 

Your opponent, prisoner B, should 
choose the same strategy. But this may be 
oversimplifying the game. Suppose you 
think your opponent is someone who would 
never confess. What would you do then? It 
depends on what type of person you are. 

Suppose you two were cellmates and 
could discuss the situation. Would you both 
agree not to confess? That would make 
sense. But what about the danger of a dou- 
ble-cross? 

As you can see, for many (if not most) 
games, mathematics doesn’t have all the 
answers. 

Games involving more than two peo- 
ple (n-person games) can be even more 
complex. Imagine a situation involving 
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three people: A, B, and C. If A cooperates | 


with B they will split $6. If A cooperates - ‘ 


with C they will split $8. If B cooperates 
with C they will split $10. This is illustrated 
in the triangle in Figure 5. Who should co- 
operate with whom to divide the spoils? 
“Look,” A says to B, “cooperate with 
me and I'll give you $4 and only keep $2.” 
“Don't be silly," says 8 to A. "I can 


probably get $5 cooperating with C.” 
“Nothing doing," says C. “I think Tean 
make a better deal with ^. How about it, 


A? Will you take $2 and leave me $62" 

"Okay," says A. 

B panics. "Look, A," he says, "Pm 
willing to split the $6 fifty-fii 

“Don’t lose your head 
“TIl give you $4." 

“But that's what / offered you,” says A. 

Round and round it goes. The division 
of the money will depend on the negotiating 
talents of those involved. All game theory 
can tell us is that, by cooperating with one 
of his opponents, the most A can hope to 
receive is $2; the most B can hope to getis 
$4; and the most C can hope to receive is 
$6. 

But let's change the rules. Suppose A, 
B, and C could gain a total of 518 if all three 
of them cooperated. How should the mon- 
ey be split? The resolution above suggests 
that A should receive %, or $3; B should 
receive Y3, or $6; and C should receive Va, 
or $9. 

As you can see, these simple games 
give only a hint of the complexity of larger» 
non-zero-sum games. Game theory has 
its greatest success to date with only the 
most elementary of games, or conflict 
situations. Undoubtedly it will come fo 
have increasing importance in the future, 
for so much of life has to do with conflict 
and competition. As John D. Williams has 
written in his book The Compleat Strate- 
gyst: “The concept of a strategy, the dis- 
tinctions among players, the role of chance 
events, the notion of matrix representa- 
tions of the payoffs, the concepts of pure 
and mixed strategies, and so on give var 
uable orientation to persons who musi 
think about complicated conflict situa 
tions.” 


says C to B. 


* 


;,ALCULUS 


by Murray Spiegel 


One of the greatest contributions to 


m n mathematics, science, and engi- 
ne was the invention of calculus, or, as 
it metimes called, the calculus, near the 
en the 17th century. It is safe to say that 
wi it this fundamental branch of mathe- 
m: many technological accomplish- 
m: such as the landing of men on the 
mi would have been very difficult, or 
impossible, to achieve. 

ie word "calculus" comes from the 
Latin word for pebble. This name probably 
ori ted because pebbles were used thou- 
sa f years ago for counting and doing 
pre ms in arithmetic. Similar words that 


we en use are calculate, calculation, and 


ca ator. 


Two people who lived during the 17th 
century are credited with the invention of 
the calculus: Sir Isaac Newton of England, 
and Baron Gottfried Wilhelm von Leibniz 
of Germany. The basic ideas of calculus 
were developed independently by them 
within a few years of each other. 

Newton, who was one of the greatest 
physicists of all time, applied the calculus 
to his theories of motion and gravitation. 
These theories, often referred to as New- 
ton's laws, enabled him to describe mathe- 
matically the motion of all objects in the 
universe from the tossing of a ball into the 
air to the revolution of the earth, and the 
other planets of the solar system, around 
the sun. 

Before Newton and Leibniz, the mathe- 
matics used for solving problems was the 
kind commonly taught in modern secon- 
dary schools. This involved subjects such 
as arithmetic, algebra, geometry, and trigo- 


Ne ectangular windows fill out the area under the roof of M.I.T.'s Kresge 
Aud m. In calculus we use rectangles to find the area under a curve. ospite 
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nometry. The basic principles of these sub- 
jects were known at least 1,500 years be- 
fore Newton and Leibniz. Although the 
mathematical principles studied in these 
subjects were useful in solving certain 
kinds of problems, they were not at all 
suited to solving problems dealing with 
changing, or varying, quantities. It was for 
the purpose of working with changing, or 
varying, quantities in everday life that the 
calculus was invented. We can therefore 
say that calculus is the mathematics of 
change. 


CHANGING, OR 
VARYING, QUANTITIES 


If a man travels in an automobile at a 
velocity of 50 kilometers per hour, we 
know that in 2 hours he will travel a dis- 
tance of 100 kilometers. In practice, of 
course, a driver rarely travels at the same 
velocity of 50 kilometers per hour for 2 


Scientists use calculus to calculate the “escape 
velocity" and the rocket's velocity and position at 
any given time. 


NASA 
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hours. The driver will sometimes Stop, 
sometimes travel at a velocity of 80 kilome- 
ters per hour and sometimes at 40 kilome- 
ters per hour. 

The velocity of the automobile is usu- 
ally a changing, or varying, quantity. When 
the velocity is increasing, as when the auto 
goes from 30 to 40 kilometers per hour, we 
often say that the automobil- is being ac- 
celerated or that it is undergoing acceler- 
ation. Similarly when the velocity is de- 
creasing, as when the autc es from 40 
kilometers per hour to 20 kilometers per 
hour, we often say that the automobile is 
being decelerated, or undergoing decelera- 
tion. If the automobile maintains the same 
velocity, then we say that it is travelingata 
constant, or uniform, velocity 

Another example of a changing quanti- 
ty involves a ball that has been dropped or 
thrown. Suppose we drop a ball from a 
building. At the instant we drop it, the ve- 
locity is zero. Gradually the velocity in- 
creases; that is, the ball accelerates. Finally 
when the ball hits the ground, it is traveling 
at its greatest velocity. 

Similarly if we throw a ball up into the 
air, it at first travels fast — that is, witha large 
velocity. Gradually it slows down, or de- 
celerates, until its velocity is zero and it 
stops for an instant. At this point the ball has 
reached its maximum height and starts to 
come down. As it comes down, its velocity 
increases until the ball hits the ground. The 
change in the velocity of the ball—or any 
object that is thrown is due to the attrac- 
tion of the earth: the force of gravity, or the 
gravitational force. 

The same ideas apply to a rocket 
launched from the earth's surface. By using 
calculus, it is possible to find the velocity 
the rocket must have in order to escape the 
earth's gravity —that is, not return to the 
earth. This velocity, often called the escape 
velocity, turns out to be about 11 kilome- 
ters per second, or about 40,000 kilometers 
per hour. By means of calculus we can cal- 
culate the time it would take for the rocket 
to get to the moon, and how much fuel 
would be needed. f 

There are many other examples © 
Changing, or varying, quantities. When 4 


Tony Duffy 


This car's velocity is hardly ever constant. The car accelerates at the start of the 
race, slows down before each curve, and accelerates again on straightways. 


raindrop or snowflake falls, its size gradual- 
ly increases population of a country 
changes each year, or even each day. The 
cost of living changes. The amount of a 
radioactive substance, such as radium, 
changes. 


WHAT IS A VARIABLE? 


. Any quantity that is changing, or vary- 
Ing, is often referred to in mathematics as a 
variable. In the examples of the automo- 
bile, ball, and rocket, the velocity is a vari- 
able. Also the distance of the ball or rocket 
from the earth’s surface is a variable. Even 
the time, which is changing, is a variable. 
The Population of a country or the cost of 
living is a variable. When we put air in our 
tires the air pressure changes and is a vari- 
able. The outdoor temperature and humid- 
ity are variables. 
va n mathematics we often represent 
aS by symbols, such as letters of the 
en et. Thus we can let v represent ve- 
fuel t represent time, p represent pres- 
for In a tire, and so on. These letters stand 
numbers, Thus when the velocity is 50 


kilometers per hour we can say that v= 50. 
When it is 25 kilometers per hour we can 
say that v=25, and so on. 

In the case of time, we usually measure 
it from some specific instant, which is often 
called the time origin or zero time. For 
example, the instant at which we drop a ball 
from a building is zero time, or t= 0. After 
3 seconds have elapsed, we say that t = 3, 
after 5 seconds, t= 5, and so on. 

Very often, in practice, we find that 
one variable depends in some way on an- 
other variable. For example, the distance a 
rocket or ball travels depends on the time of 
travel. We call distance the dependent vari- 
able. Time is called the independent vari- 
able. 

In general, time is considered as an 
independent variable, while any variable 
that depends on it is a dependent variable. 
Thus the cost of living, which depends on 
time, is a dependent variable. The outdoor 
temperature is also a dependent variable. 

Other independent variables besides 
time can occur. For example, the area of a 
circle depends on the radius. We can call 
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the area A the dependent variable, and the 
radius r the independent variable. 


WHAT IS A FUNCTION? 


If one variable depends on another, 
mathematicians say that the first variable is 
a function of the second variable. The dis- 
tance a rocket or ball travels is a function of 
the time of travel. The area of a circle is a 
function of the radius of the circle. 

Suppose we designate by the letter x 
any independent variable such as time, ra- 
dius of a circle, and so on. Suppose further 
that we designate by the letter y any depen- 
dent variable that depends on x, such as the 
distance traveled by a rocket, or the area of 
a circle. Then the statement that y depends 
on x or y is a function of x is often abbrev- 
iated by mathematicians as y = f(x). This is 
read as y equals f of x. The letter fis used as 
the abbreviation for function. 

In terms of this functional notation, we 
could abbreviate the statement that the cost 
of living C is a function of the time t by 
writing C = f(t). Similarly we could express 
the fact that the area A of acircle is a func- 
tion of the radius r by writing A = f(r). 

A function indicates that there is a re- 
lationship between the dependent and inde- 
pendent variables. Thus C — f(t) indicates 
that there is a relationship between the cost 
of living C and the time t. Similarly A — f(r) 


Velocity, Time, Distance. 
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indicates that there is a relationship be- 
tween the area A ofa circle and its radius r, 
One of the important problems in mathe- 
matics and its applications to other fields, 
such as science, engineering, and eco- 
nomics, is to determine the nature of the 
relationships between variables 

In some cases the relationship between 
variables is simple. For example, we know 
from geometry that the area A of a circle is 
given in terms of its radius r by means of 
the relationship A = zr? where ~ is a con- 
stant whose value is 3.14159 4 OF ap- 
proximately 22/7. 

In other cases the relationship between 
variables is very difficult to obtain. For 
example, the relationship between the cost 
of living and time is not known although 
we can have some idea about such a rela- 


tionship based on past experience. How- 
ever, even though we cannot find such a 
relationship, it does not mean that there is 
none. 


RATES OF CHANGE 


Suppose that at 10:00 A.M. an automo- 
bile driver is 30 kilometers from a certain 
town, and 2 hours later he is 160 kilometers 
away. The change in distance in 2 hours is 
then 160 — 30, or 130 kilometers. On divid- 
ing this change in distance by the change in 
time—that is 130 kilometers divided by 2 


Suppose a ball is dropped from the 
top of the Leaning Tower of Pisa. 
The diagram at left shows the ve- 
locity of the ball and the distance it 
has fallen at given times. Using 
calculus one can determine the 
velocity and distance traveled at 
any given time. 


hours — we obtain 65 kilometers per hour. 
This is called the driver's average velocity. 
It should be noted that, during the 2 hours, 
the driver may have been traveling at 80 
kilometers per hour some of the time, at 50 
kilometers per hour at other times, or he 
may have stopped for a while. On the 
», however, he traveled at 65 kilo- 
meters per hour. 

We see that the average velocity is the 
time rate of the change in distance. The 
actual velocity of the driver at a particular 
instant is called the instantaneous velocity. 
We can get a good idea of the instantaneous 
velocity of a driver by finding his average 
velocity over a very brief interval of time. 
Thus suppose we know that at 10:00 A.M. 
the driver is 50 kilometers away from a cer- 
tain town and that 5 minutes later he is 55 
kilometers away. Then he has traveled 5 
kilometers in 5 minutes, or about 1 kilo- 


meter a minute; that is, 60 kilometers per 
hour. This is his average velocity, but it is 
also a very good approximation to his 


instantaneous velocity, since if he did stop 
during this time or was traveling much 
slower or faster than 60 kilometers per 
hour, it certainly couldn't have been for 
long. 

The average velocity is, as we have 
seen, the time rate of change in distance. 
The instantaneous velocity is the instan- 
taneous time rate of change of distance. 
The problem of finding instantaneous time 
rates of change of distance, or of other 
quantities, is one of the most important 
parts of calculus and has many applica- 
tions. We shall try to see how such instanta- 
neous rates of change can be found. 


PROCESS OF DIFFERENTIATION 


Let us consider once again a ball 
dropped from a tall building. If we let s be 
the distance (in meters) that the ball falls in 
a time t (in seconds), then s will depend on 
t; that is, s will be a function of t, or s= f(t). 
A formula that reveals the relationship 
between s and t in case air resistance is neg- 
ligible is this: 


s= 4.90 a) 
From this formula we see that at t = 0 we 


A manufacturer wants to make one-liter containers. 
Using calculus he can determine the minimal sur- 
face area needed to contain the required volume. 


have s = 0, which is not surprising, since 
the ball falls zero distance in zero time. 
After 1 second — that is, t = 1 — we see from 
equation (1) that s — 4.9, which means that 
in 1 second the ball has fallen 4.9 meters. 
Similarly after 2 seconds— that is, t — 2— 
we see that s — 19.6, so that in 2 seconds 
the ball has fallen 19.6 meters. 

Suppose now we want to find the ve- 
locity of the ball at the time t—that is, the 
instantaneous velocity at time t. We in- 
crease the time t by a small amount, which 
we denote by dt. We can think of dt as a 
“little bit of t.” 

We now try to find out the distance the 
ball will travel in the time t + dt — that is, the 
time t plus the extra bit of time dt. This dis- 
tance will be the original distance s plus an 
extra little bit of distance, which we call ds. 
Since the distance traveled in time t + dt is 
S -- ds, we see from formula (1) that 


s + ds = 4.9(t + dt)? (2) 
which can be written 
s + ds = 4.9t? + 9.8t(dt) + 4.9(dt)? (3) 


The extra little bit of distance ds which 
the ball travels is obtained by subtracting s 
from the left side of (3) and its equal value 
4.9tť from the right side of (3). In this way 
we find 


ds = 9.8t(dt) + 4.9(dt)? (4) 
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Now since dt represents a small number, 
(dt) is a very small number. It is so small, 
in fact, that the last term on the right of (4) 
can for all practical purposes be removed. 
We thus have 


ds = 9.8t(dt) (5) 
On dividing both sides by dt, we obtain 
ds 
= as (6) 
T 9.8t 


The quantity on the left of (6), which is the 
little bit of distance ds divided by the little 
bit of time dt, is the instantaneous velocity 
of the ball at time t. If we let this instanta- 
neous velocity be v, we have 


PESEE (7) 


If we put t = 3 in (7) we find v= 29.4. This 
means that, after 3 seconds, the ball is trav- 
eling at 29.4 meters per second, which is its 
instantaneous velocity. 

The process that we used to obtain the 
result (6) is known in the calculus as 
differentiation. That part of the calculus 
that deals with such processes is called 
differential calculus. The quantity ds/dt is 
called the derivative of s with respect to f 
or simply the derivative of s. 

If we like, we can use (7) to find the 
derivative of v with respect to t. To do this 
we use exactly the same procedure given 
above. We increase the time t by dt so that 
the total time is t + dt, Then the velocity v 
increases by a little bit, which we call dv, so 


that the new velocity is v -- dv. From (7) we 
then see that 


v + dv —9,8(t + dt) (8) 
or V+dv=9.8t + 9.8dt (9) 


Subtracting v from the left side of (9) and 


its equal value 9.8t from the tight side, we 
have: 


dv = 9 8dt (10) 
dv 

or Sy 
dtc inr (11) 
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What is the area under y from ato b? We can divide 


the area into nearly rectangular regions whose 
areas can be approximated. The sum of these areas 
is very close to what we want. Integration gives the 
"best possible approximation," which is the actual 
area under the curve. 


From (11) we see that the instantaneous 
acceleration is a constant. The significance 
is that when the ball falls toward the earth it 
increases its velocity by 9.8 meters per 
Second in each second. 

Since v is the derivative of s, we see 
that dv/dt is the derivative of the derivative 
of s, which is called the second derivative of 
s. It is written as: 


T= 98 (12) 


APPLICATIONS 


As we have already mentioned, the 
process of differentiation —that is, finding 
derivatives — is studied in that part of calcu- 
lus known as differential calculus. There 
are many applications of differential calcu- 
lus besides those involving velocity and 
acceleration. s 

One very important application of dif- 
ferential calculus is that of maxima and 
minima. To see what is involved in such 
applications, let us consider a particular 
problem. Let us suppose that we are in the 
business of making metal cans for a soup 


company. We are asked by the company to 
make the cans cylindrical in shape, with the 
requirement that the cans have a capacity 
of one liter. 

We could make the cans tall and thin, 
or short and fat. How shall we decide what 
to do? We know that the metal out of which 
the cans are made will cost money. It is 
therefore natural for us to ask ourselves 
whether we can make the required can by 
using the least amount—that is, the mini- 
mum amount — of metal for the total surface 
of the can. By the method of differential 
calculus we can determine the exact mea- 
surements, the diameter and height, which 
the can must have in order to contain a giv- 
en volume and at the same time have the 
least possible surface area and therefore the 
least cost. Since we are interested in the 
least, or minimum, surface area, this is 
called a problem in finding minima. 

As another illustration suppose a man 
has a rectangular piece of cardboard that 
measures 3 meters by 5 meters. He wishes 
to make an open box from it by cutting out 
equal squares from the corners and then 
bending up the sides. The question is: what 
size squares should be cut out so that the 
box will contain the greatest volume? This 
problem, which is one in finding maxima, 
can also be solved by differential calculus. 


THE PROCESS OF INTEGRATION 


We have already seen how, if we are 
given s = 4.9t?, we can find ds = 9.8t (dt). 
The process amounts to starting with the 
total distance s and finding the little bit of 
distance ds traveled in time dt. We gave the 
name differentiation to this process. 

We now ask: if we are given the equa- 
tion ds = 9.8t(dt), can we get back to s= 
4.9??? This is the reverse, or inverse, of 
differentiation. Since ds represents a little 
bit of distance, it is natural that to find the 
total distance s we must add up all the little 
bits of distance ds. The process of adding 
up, or summing, all the little bits of distance 
ds to produce s is represented mathemati- 
cally by writing 


[$7 (13) 


The symbol f is called an integral sign, 
and (13) is read the integral of ds is s. The 
process of finding integrals is called in- 
tegration and is studied in a part of calcu- 
lus that is known as integral calculus. By 
methods of integral calculus, we can find, 
for example, that 


a Í ds= | 9.8t(dt) = 4.92 (14) 


so that we have recovered the formula s = 
4.9t?. It follows that integration is the re- 
verse, or inverse, of differentiation. 


APPLICATIONS 


Just as there are many applications of 
differential calculus, there are also many 
applications of integral calculus. 

One important application is that of 
finding areas bounded by complicated 
closed curves or of finding volumes bound- 
ed by complicated closed surfaces. Another 
application is that of finding the total length 
of a complicated curve or the total area of a 
complicated surface. The idea involved in 
such cases is that of summation, or addi- 
tion, of little bits of area or little bits of vol- 
ume and so involves integration. 

We have seen how the process of inte- 
gration enables us to go from the equation 
(6) back to the equation (1). The equation 
(6) is an equation that involves an instanta- 
neous rate of change. It is a derivative. 
Equations involving derivatives of quanti- 
ties that we want to determine are called 
differential equations. Such equations often 
arise in science and engineering because it 
is in many cases easier to arrive at a rela- 
tionship between derivatives of quantities 
rather than between the quantities them- 
selves. The process of solving differential 
equations is often also known as integrating 
the differential equation. 

In the preceding paragraphs we have 
only been able to provide a glimpse into 
some of the many important ideas of calcu- 
lus. In order to appreciate the power of the 
calculus in solving the many important 
problems of mathematics, science, and en- 
gineering, the student should consult some 
of the many books on calculus that are 
available. 
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SET THEORY 


By Roy Dubisch 


A herd of cows, a flock of birds, a 
school of fish—each of the words “herd,” 
"flock" and "school" could be replaced by 
the word “set.” A set is simply a collection 
of objects or ideas. 

The concept of sets was developed in- 
to a new branch of mathematics in the late 
nineteenth century by a German mathema- 
tician, Georg Cantor. Since the beginning 
of the twentieth century, set theory has de- 
veloped rapidly, and today it has important 
applications in nearly every branch of 
mathematics. In fact, most of our mathe- 
matics can be derived from set theory. 

Two kinds of notations for sets are in 
common use. One is the enumeration nota- 
tion, in which we write (1, 3j for the set 
consisting of the numbers 1 and 3. {Rob- 
erts, Roye} indicates the set consisting of 
the first two presidents of Liberia. 

The second notation is the set-builder 
notation, in which we write {x|x is a whole 
number} for the set of whole numbers, and 
{yly was one of the first two presidents of 
Liberia} for the set {Roberts, Roye}. We 
read [x|x . . .) as "the set of all x such 
that x. . . .” Thus {x|x is a whole number] 
is read "the set of all x such that x is a 
whole number.” 

Of the two notations, the set-builder 
notation is the most frequently used in 
mathematics. Note that the letter used in 
the set-builder notation is not significant. 
Thus, for example, {x|x is a whole number} 
= lyly is a whole number]. 

Capital letters are usually used as sym- 
bols for sets. We write, for example, A = 
{x|x is a whole number}, 

> The members, or elements, of a set are 
simply those things that make up the set. 
Thus the members of the set {2, 3} are the 
numbers 2 and 3. The members of the set 
{x|x is a United States citizen} are the 
citizens of the United States. When we say 
that two sets A and B are equal (written 
A — B), we mean that every member of A is 
a member of B and, conversely, that every 
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member of B is a member of A. For exam- 
ple, (5, 7) — (7, 5). Note that the order of 
listing the members is not significant. If x 
is a member of a set A, we write x e A. If x 
is not a member of A, we write x € A. Thus 
2 € (2, 3} but 4 ¢ (2, 3). 


SUBSETS OF SETS 


Every member of the set {a, b) isa 
member of the set (a, b, c]. We say 
b} is a subset of (a, b, c} and writ: 
{a, b, c). Every member of th 
{x|x is an even number} is a me: 
set B — (x|x is a whole numbe 
that A is a subset of B and writ c 

Our examples illustrate the "natural" 
use of the word “subset” to indicate a part 
of a whole (as, for example, subtotal is a 
part of the total). It is useful, however, to 
consider that (a, b) C (a, b). In general, 
every set is a subset of itself: A © A for all 
sets A. 

If A and B are sets, then A C B means 
that whenever x e A, then x e B. If A isa 
subset of B but A B, we write A C B and 
say that A is a proper subset of B. Thus, for 
example, (a, b} is a subset of (a, b} but is 
not a proper subset of (a, b}, whereas (a, b} 
is both a subset and a proper subset of 
fa, b, c). 


UNION OF SETS 


Just as two numbers can be combined 
by addition or multiplication to yield a third 
number, so can two sets be combined in 
various ways to yield a third set. In particu- 
lar, given two sets A and B we can form 
their union, A U B. This is the set whose 
members are members of A or B (or both). 
Thus, for example, 


fa, b} U (c, d) = (a, b, c, d} 
and 
{x|x is an odd number) U (x|x is an even 
number] 


= {x|x is a whole number]. 


In "set-theory language," if A and B are 
sets, then A U B = (x|x e A or x e B (or 
both)}. 


This concept of union is used in many 
parts of mathematics. In elementary school, 
for example, the idea of addition of whole 
numbers is made real to children by the use 
of set union. Thus the union of the two sets 
shown in Figure 1 corresponds to the addi- 
tion fact 2 + 3 = 5. In geometry the con- 
cept of union is used to define a triangle as 
the union of three line segments, each of 
which has a common end point with the 
other two, as shown in Figure 2. 

Suppose we consider: 


fa, b) U {ajc} = (a, b; c). 
Can we also write 
{a, b} U (a, c) = (a, a, b, c)? 


Yes, we can. It is true that (a, b, c} = 
{a, a, b, c}, but we do not “add” to the set 
(a, b} by repeating the symbol “a”. For ex- 
ample, consider the set {you, reader of this 
article} = {you} = {reader of this article}. 
You can’t become two persons by naming 
yourself twice. So we agree, in listing the 
members of a set, not to list an element 
more than once. 


INTERSECTION OF SETS 


Similar to the concept of the union of 
two sets is the concept of the intersection 
of two sets. 

If A and B are sets, then the intersec- 
tion of A and B, A B, is 


A N B= (x|x e A and x e BJ. 


Thus, for example, 
fa, b, c} N {a, e, f) = {a} 
and 


{x|x is a brown-eyed human being} 
N {x|x is a woman} 


= {x|x is a brown-eyed woman}. 


Like the concept of union of sets, the 
concept of intersection of sets finds wide 
application in mathematics. The set of com- 
mon divisors of 12 and 18, for example, 


{x|x divides 12) à {x divides 18} = 
{1, 2, 3, 4, 6, 12} n {1, 2, 3, 6, 9, 18} 
= {1, 2, 3, 6}. 


In geometry, we can symbolize the fact 
that two lines L, and L, intersect in a point 
p by 


L,NL,=p. 


What about {x|x is an even number} N 
{x|x is an odd number}? Since no number 
is both even and odd, it may seem as if no 
answer is possible. To handle this and many 
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other similar situations, however, we intro- 
duce the concept of the empty set. Also 
called the null set, the empty set is sym- 
bolized by { ), or Ø. Thus 


{x|x is an even number} N {x|x is an odd 
number} = Ø. 


Likewise, if the lines L, and L, are parallel, 
L, n L=øØ. 

It is often useful to consider a fixed set, 
called the universal set, such that all the 
sets under consideration at a particular 
time are subsets of this universal set. For 
example, if we are discussing subsets of the 
whole numbers, such as the set of natural 
numbers (1, 2, 3, 4, . . .) and the set of 
even numbers {0, 2, 4,. . .}, we could take 
our universal set as the set of whole num- 
bers. Similarly, we would take our universal 
set as the set of all points in the plane if we 
were discussing subsets of the set of points 
in a plane, such as the sets of points forming 
circles and sets of points forming triangles. 


COMPLEMENTS OF SETS 


Suppose our universal set is the set of 
all students at Podunk High School, and 
A is the set of all female students at Podunk 
High. Then the set of all male students at 
Podunk High is called the complement of 
set A, and is indicated by A’. The comple- 
ment A’ of a set A consists of all elements 
in the universal set that are not members 
of A. In symbols, if A C U, then 


A' = {x|x e U and x ¢ A). 


Thus if our universal set is the set of real 
numbers and A is the set of rational num- 


bers, then A' is the set of irrational num- 
bers. 


VENN DIAGRAMS 


It is often helpful to picture sets and 
set relations by means of what are com- 
monly called Venn diagrams, In Figure 3 
the region enclosed by a rectangle repre- 
sents the universal set, and regions inside 
the rectangle that are enclosed by circles 
(or other curves) represent subsets of the 
universal set. Figure 4 shows Venn dia- 
grams that illustrate some concepts of set 
theory. 
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Figure 3. In these Venn diagrams, the rectangle 
represents the universal set, U. Subsets are repre- 
sented by circles and are labeled A, B, and C. These 
subsets divide U into regions labeled with numbers. 
In diagram 3, sets A and B are “disjoint.” In dia- 
gram 4 set A consists of regions 1 and 2; set B of 
regions 2 and 3. In diagram 5, set A consists of re- 
gions 1, 2, 4, and 5. 


nl —————— ——— ————— —————— 


Figure 4. In the top diagram A is a proper subset of 
B. In the bottom three, the shaded areas represent 
the sets indicated below each diagram. 


FIGURE 5 


Set A consists of regions 1, 2, 4, and 5. Set (B N C) 
consists of regions 5 and 6. What regions, then, 
does set A U (B C) consist of? 


Venn diagrams can be used to make 
plausible—although not actually prove— 
various statements of equality between 
sets, such as the two equalities that, in alge- 
bra, are called the distributive properties: 


A U (B C) - (A U B) n (AU C) 
and 


A N (BU C) - (An B)U (A n C). 


(Compare a * (b + c) = (a+ b) + (a - c) in 
ordinary algebra.) Thus the shaded region 
in Figure 5 illustrates A U (B N C) while 
the doubly shaded region in Figure 6 illus- 
trates (A U B) N (A U C). In both cases 
we obtain the same region. 

The corresponding situations for A N 
(B U C) and (A N B) U (A N C) are shown 
in Figure 7. 


ALGEBRA OF SETS 


There are many analogies between the 
operations of union and intersection on sets 
and the operations of addition and multipli- 
cation on numbers. It is easy to see, for ex- 
ample, that just as a + b= b + a and a : b 
= b - a for all numbers a and b, it is also 
true that, for all sets A and B, AU B— 
B U A and A  B—B N A. Likewise, just 
as 0 has the property that a + 0 =a and 
a - 0 = 0 for all numbers a, so does A U Ø 
= A and A N Ø= O for all sets A. Further- 
more, just as a - 1 — a for all numbers a, so 
AN U— A for all sets A C U (the univer- 
sal set). 

The analogies are not complete, how- 
ever. There are properties of our number 
system for which there are no analogous 
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properties for the algebra of sets, and there 
are properties of the algebra of sets for 
which there are no analogous properties for 
our number system. For example, given a 
nonzero number a, there exists a number b 
(the multiplicative inverse of a) such that 
a - b= 1. Now U is analogous to | in the 
sense that A N U =A for all sets A, and 
yet, unless A — U, there is no set B such 
that A N B=U. 

On the other hand, the fact that A U A 
=A N A — A for all sets A has no analog 
in arithmetic. We have stated that A N 
(B U C)=(AN B) U (A N C) for all sets 
A, B, and C, and this does have an analog in 
a - (b + c) = (a - b) + (a - c). We have also 
stated, however, that A U (B n C) — 
(A U B) N (A U C)forall sets A, B, and C, 
and this corresponds to a + (b : c) — (a + b) - 


(X 
OOON 
XX) 

Xx) 


QN 


AS 
XY 

IN 

Q 


$ 
XXX 
NA 

A 


(X) 
ANS 
nas 
^ 
X 
A 
XXX 


0) 


= 
oS 


+ 
a 
ay 
Ke 
i 
iy 


bee 
+, 
4, 


XX) 
AX) QU 
9 
QOO 

» 

" 

N 
^ 


The sets (A U B) and (A U C) are indicated above by 
slanting lines. Their intersection is the region 
where the lines crisscross. It is the same set as that 
in Figure 5. 


(a + c) for all numbers a, b, and c. The latter 
statement, however, is not true. (Try a= l, 
b — 2, and c — 3, for example.) 

In the following table we list a number 


gw» 
Wo 


27-2 em Sa 


POP P db d» db de. 
lQarag 


Sedem cpm 


z 
> Il 


The shaded area of figure 7A represents the set A N (B U C), while the 
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confirming the identity. 


FIGURE 7A 
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FIGURE 7B 


of identities that hold for all sets A, B, and 
C that are subsets of some universal set U. 
Note the parallelism between the identities 
in the left and right hand columns. 

All these identities are rather easily 
seen to hold as a consequence of the defini- 
tions of union, intersection, empty set, uni- 
versal set, and complement, and can be 
made plausible, as we have seen by use of 
Venn diagrams. 

INFINITE AND FINITE 


What do we mean by “‘infinite”? Many 
people think of “infinity” as simply being a 
very large number. When a mathematician 
speaks of an infinite set, however, he does 
not think of a set with a large number of ele- 
ments, such as the set of grains of sand on 
the seashore. Indeed, he finds it worth- 
while to avoid entirely any direct reference 
to counting in describing the difference be- 
tween finite and infinite sets. 

To do this, he first considers the con- 
cept of matching sets, or, to use more- 
technical language, sets that are in one-to- 
one (1-1) correspondence. This is a very 
natural concept that is used even in the very 
early stages of instruction in mathematics 
when a child learns to pair off each block 
on a table with a finger of his hand. 

A formal definition is as follows: 

A 1-1 correspondence between two 
sets A and B is a pairing of the elements of 
A with the elements of B such that each 
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element of A is paired with precisely one 
element of B and each element of B is 
paired with precisely one element of A. 

If such a 1-1 correspondence exists 
between the two nonempty sets A and B, 
we say that the two sets are equivalent and 
write A ~ B. (We also say that Ø ~ Ø, al- 
though we will not use this fact here.) 

Now for finite sets we normally do not 
bother to attempt a pairing to see if the two 
sets are equivalent: we simply count the 
elements in each set. Thus we observe that 
each of the two sets shown in Figure 8 has 
five elements, so that we know" that they 
are equivalent. Actually, however, the con- 
cept of 1-1 correspondence precedes the 
idea of counting. "Five," for example, is 
simply the number name that we attach to 
sets that are in 1-1 correspondence with 
the fingers of one hand. Primitive man, long 
before he knew how to count, could keep 
track of the size of his flock by matching 
each animal with a pebble. If he dropped a 
pebble into a container as each animal left 
the enclosure in the morning, and then re- 
moved a pebble as each animal returned in 
the evening, he would know whether or not 
the same number of animals returned as had 
left, without counting. 

Now if we have any finite set A we 
sense intuitively that no proper subset of 
A is in 1-1 correspondence with A. Try, 
for example, matching the set of fingers 
minus the thumb on one hand with the en- 
tire set of fingers on the other hand. But 
what about infinite sets? Consider the set 
N—(1,2, 3,. . .} of natural numbers and 
the set E = (2, 4, 6, . . -} of even natural 
numbers. Clearly E is a proper subset of N, 
and yet E ~ N as shown by the 1-1 cor- 
respondence in Figure 9. 

We generalize these two examples to 
make a formal definition of a finite set and 
an infinite set: 

A finite set is a set that has no proper 
subset equivalent to itself. An infinite set 
is a set that has at least one proper subset 
equivalent to itself. 


CARDINAL NUMBER OF AN INFINITE SET 


If finite sets are equivalent, they have 
the same number of elements. That is, they 
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are equinumerous. What about infinite sets? 
For example, is the set E of even numbers 
equinumerous with the set N of natural 
numbers? From one point of view it is 
certainly natural to argue that E and N are 
not equinumerous, since we take something 
away from the set N={1, 2, 3,. . .} to get 
the set E— (2, 4, 6,. . .}. If we take some- 
thing away, say 1, from the set {1, 2, 3}, the 
set we obtain {2, 3}, is not equinumerous 
with the set (1, 2, 3). 

Nevertheless, it turns out to be useful 
to agree that E and N are equinumerous 
and, in general, to make the following 
formal definition: 

Two sets A and B (finite or infinite) are 
said to be equinumerous or to have the 
same cardinal number if and only if A — B. 

Thus we conclude from this definition 
that not only do the finite sets of Figure 8 
have the same cardinal number but also 
that the sets E and N of Figure 9 have the 
same cardinal number, 

Do all infinite sets have the same car- 
dinal number? Consider, for example, the 
Set Q of all positive rational numbers — the 
set of all natural numbers together with all 
the positive fractions: Va, 17/19, 1/2, Vaso, 
0.12, and so on. Are Q and N equinumer- 
ous? Again, we may feel intuitively that the 
answer should be “no,” since Q contains 
many (indeed, an infinite quantity of) num- 
bers not in set N. We can, however, show 
that Q ~ N, so that, according to our defini- 
tion, Q and N are equinumerous. 

A simple argument that Q ~N can be 
based on the diagram shown in Figure 10. 
It shows the Positive rational numbers in an 
array extending indefinitely to the right and 
down. (Ignore the lines for the moment.) 

Now suppose we are given a number 
n € N and wish to describe a rule for as- 
sociating with n a definite rational number 
r e Q. We simply follow the line in the 
diagram. 

As we follow this line we count 1,2,3, 

: , N as We go through each fraction—ex- 
cept that we don't count repetitions, For 
example, suppose we have n = 5, Then, 
along the line, we find Y1, 1, Y2, Ya, and y, 
(omitting ¥2 = Y1) and conclude that corre- 
sponding to 5 € N we have YieQ. Similarly, 
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if n= 13 we obtain V1, 71, Y2, Y3, 3 
4s, Va, Vs, 5/1, Y1, and 5/2 (omit 
Ya = Y2, Y3 = Yi, and %2 = 9/9). 
13 e N corresponds 5» e Q. 

Conversely, given any r € Q, we take 
its representation as a fraction in lowest 
terms (such as Y2 for Ye) and count “how 
far" it is from Y along the line (again 
omitting repetitions). Thus if we have given 
Ye € Q we observe that Ys = %/s and count 
Va, 9i, Y2, Va, Y1, V1, Y2, Ys; so that corre- 
sponding to 7/3 e Q we have 8 e N 

At this point you may suppose that all 
infinite sets have the same cardinal number 
as N. Certainly this is a plausible conjec- 
ture at this point. It turns out, however, that 
if we add to the set Q of positive rational 
numbers all the positive irrational numbers, 
such as V2, Y/2, s, or V | 4/2 and so 


on, we obtain a set with a cardinal number 
different from N. Even if we consider only 
the set R* of rational and irrational num- 
bers between 0 and 1, we obtain, as G 
Cantor showed in 1874, a “ 

Which cannot be matched with N. The 
union of the set of rational numbers and 


the set of irrational numbers is the set of 
real numbers. 

The proof that R* is not equinumerous 
With N rests upon the fact that every real 
number between 0 and 1 can be written as 
an infinite decimal. For example, Y2= .5000 

; ame -3333..., Y7 = .142857142857..., 

*/2 — .7071..., where the rational numbers 
(such as Y», Y3, and Y;) are expressed as 
repeating decimals, and the irrational num- 
bers (such as V9/5) are expressed as non- 
repeating decimals. 

Now suppose we claim that we have a 
1- 1 correspondence between the elements 
of R* and the elements of N, such as: 


1 © .183478412001... 
2 © .369715400000.. 
3 € .579321715432.. 
4 > 481762314000... 
5 e .673216732167.. 
6 €» .591416789143.. 


The digits of r,, r,, and so on are chosen 
arbitrarily so that r, # r, # .... 

Now we form another number in R* 
as follows: the first digit to the right of the 
decimal point is chosen as any digit differ- 
ent from the first digit of r,. The second 
digit is chosen as any digit different from 
the second digit of r,, and so on. Thus the 
resulting number could be .2783254... or 
.3723689.... None of these numbers so 
chosen, however, can be in our list, since 
.2783254... # r, because it differs from r, 
in at least the first decimal place; 2783254... 
* r, because it differs from r, in at least the 
second decimal place; and so on. Hence 
2783254... was not present in the (sup- 
posedly complete) list, and so our corre- 
spondence is not 1-1 as alleged. No mat- 
ter what listing we propose, the same 
process will show the listing is incomplete, 
and we conclude that no 1-1 correspon- 
dence between R* and N is possible. 

Mathematicians denote the cardinal 
number of N by N, (read "aleph-null" — 
aleph is the first letter of the Hebrew alpha- 
bet). They denote the cardinal number of 
the real numbers by c. A famous question 
in mathematics is: does there exist an in- 
finite set of numbers whose cardinal num- 
ber lies between N, and c? That is, is there 
à subset S of the real numbers R* such that 
the cardinal number of S is neither N, nor c? 
The continuum hypothesis, as formulated 
by Cantor, was the conjecture that no such 
set S exists. 

The question of the truth or falsity of 
the continuum hypothesis claimed the at- 
tention of many first-rate mathematicians 
after it was first formulated by Cantor, but 
Was not settled until 1963. However, it was 
Not settled by a simple “yes” or “no” (as 
most mathematicians expected it to be). 
What was finally shown by the work of 
Kurt Gédel and Paul Cohen was that with- 
in the framework of the set theory accepted 


by most mathematicians today, either the 
acceptance of the continuum hypothesis or 
its rejection yields equally valid systems of 
mathematics. This still leaves open the 
question of whether or not there exists an- 
other equally “useful” formulation of set 
theory in which the continuum hypothesis 
can be proved true or false. In a sense, then, 
the continuum hypothesis has been settled 
in only a relative fashion, and research still 
continues on this and related problems. 


PARADOXES OF SET THEORY 


There are many paradoxes associated 
with sets that still concern mathematicians 
today. One very famous one was formu- 
lated by the noted mathematician and phi- 
losopher Bertrand Russell (1872— 1969). It 
is known as Russell's paradox. Imagine a 
barber in a village. The barber, said Russell, 
shaves only the men who do not shave 
themselves. The paradox is: Who shaves 
the barber? à 

If the barber does not shave himself, 
then he shaves himself. But if he shaves 
himself, he cannot shave himself. When 
stated mathematically, in terms of classes 
of sets, Russell’s paradox challenged the 
very foundations of set theory. i 

The complete resolution of his and 
other paradoxes of set theory is still a 
matter of active concern today. In the 
meantime, however, most mathematicians 
continue to use the very useful concept 
of a set without waiting until all the foun- 
dations of set theory are made solid. 
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BINARY NUMERALS 


by Irwin K. Feinstein 


The binary numeral, or numeration, 
system offers an interesting glimpse into the 
world of mathematics. It is the simplest 
system in which addition and multiplication 
can be performed, for there are only four 
addition facts and four multiplication facts 
to learn. By contrast, in the decimal system 
there are 100 addition facts and 100 multi- 
plication facts to learn. 

The significance and power of the bina- 
ry system in modern mathematics, how- 
ever, lie in its practical application in com- 
puter technology. Most computers today 
are binary computers; that is, they use 
binary numerals in computing and in pro- 
cessing data. With binary numerals, modern 
computers can perform up to 1,000,000,000 
additions each second. 

Before going into the binary numeral 
System, we shall take a closer look at the 
Hindu-Arabic numeral system and the con- 
cept of place value in it. An understanding 
of place value is vital to an understanding of 
the binary numeral System. 


HINDU-ARABIC NUMERAL SYSTEM 


The numeration system in use through- 
out the civilized world today is called the 
Hindu-Arabic system, probably because it 
originated with the Hindus and was carried 
to the western world by the Arabs. It is the 
only numeration System most of us have 
ever known, and it fits most of our commer- 
cial and technical needs very well. 

The Hindu-Arabic system is often 
called a decimal, or base-ten, system be- 
cause it needs only ten symbols to repre- 
sent any number. These symbols, which are 
called digits, are: 1, 2, 3, 4,5, 6,7, 8,9, and 


The binary numeral System is used to transmit pho- 
tos from space to receiving stations on earth, The 
photos are transmitted as radio signals, represent- 
ing the zeros and ones of the binary system (upper 
photo right). The digits are then converted by com- 
puter to an image consisting of a series of dots. The 
photo of the Martian surface at right was obtained 
this way. 
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0. These ten symbols stand for the numbers 
one, two, three, four, five, six, seven, eight, 
nine, and zero respectively. 

The Hindu-Arabic system is also 
called a positional decimal system, because 
the number each digit represents depends 
on its "position," or “place,” in the numer- 
al. The far-right place in any numeral is the 
unit, or one, position. The place value of 
the next position to the left is ten. In gen- 


eral the place values from right to left, in 
any decimal numeral, are: ones, tens, 
hundreds, thousands, and so on. For exam- 


ple, the place values represented by 4,081 
are: 


30281 110000091 111091100 E TTTGTTTTGGTT TT TS TTTTTGTT 
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4,081 = (4 x 1000) + 
(0 x 100) + (8 x 10) + (1 x 1) 


Another way of looking at a positional 
decimal system is through the idea of 
grouping. Suppose we have a set of 13 dots 
marked on a sheet of paper. We draw a ring 
around 10 of these dots. There will be 3 
dots remaining. We have 1 set of 10 dots 
plus 3 remaining single dots. This fact may 
be expressed as 13 =(1 X 10) t (3 X 1). 

Now suppose we have 37 dots, and 
that we "ring" them in groups of 10. We 
will have 3 sets of 10 dots, plus 7 single 
dots. We could write this as 37 =(3 X 10) 
(7 X 1). Similarly, if we had 128 dots we 
could have 1 set of 1 hundred or 10 tens, 2 
sets of 10, and 8 dots remaining. We could 
write 128 — (1 X 100) + (2 X 10) - (8 X 1). 
All this emphasis on "tens" seems quite 
natural to us. After all, we do have ten fin- 
gers and ten toes. But how do you suppose 
man would be counting today and what sort 
of a numeration system would he be using if 
he did not have his anatomy structured as 
it is? 
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Imagine all of us with one finger on 
each hand and one toe on each foot. Sup- 
pose further that all the numbers we use 
could be expressed with the "digits" 0 and 
l. Since we are going to use only two sym- 
bols to write any number, we can call this a 
binary, or base-two, system. In a binary 
system the value of any place in a numeral 
is twice as large as the place to its right. 
Thus the place values — from right to left — 
in a binary system are: ones, twos, fours, 
eights, and so on. 

The number | expressed in the binary 
system would be written as 1,,,,. Thus the 
number represented by 1,,, and 1,,, is the 
same. The subscript two indicates that we 
are expressing numbers in the binary sys- 
tem; the subscript fen indicates the decimal 
system. How would we indicate 2,,, as a 
binary numeral? Let's try to discover the 
answer to this question. 

Suppose we have a set of 2 stars. If we 
draw a ring around them, we have 1 set of 2 
Stars, and no single stars remaining. We 


would write 2,,,, = 10,,,,, which is read as “1 
two plus 0 ones." If we begin with a set of 3 
stars and draw a ring around 2 of them, we 
would have | set of 2 stars plus | set of 1 
star. This would be indicated as 3,,, — 11,,,, 
read as “1 two plus 1 one." 

How would 4,,,, be expressed? Notice 
that we have been making pairs of equiva- 
lent sets wherever possible. Thus if we had 
a set of 4 stars, we could first form 2 sets of 
2 stars each. Now draw a ring around these 
sets. This approach suggests that 4,,,, may 
be thought of as 1 four, no twos, and no 
ones, and written as 100,,,,,. In similar fash- 
ion 5,,,, = 101,,,, which is “1 four, no twos, 
and | one. 

Note how 6 would then be treated. We 
would first have 3 sets of 2 stars in each set. 
Then we could pair up 2 of these sets, and 
wind up with | set of four, | set of two, and 
no ones. We write 6,,,, as 110,,,,- 

Using the same development, it is clear 
that 7,,, = 111,,,, interpreted as 1 set of 
four, | set of two, and 1 one. We can ana- 
lyze 8,,, in the same way. First we have 4 
sets of 2 stars in each set. Then we have 2 
sets with (2 x 2) or 4 stars in each. Finally, 
we have 1 set with (2 x 2 X 2) or 8 stars in 
it. This would be written as 1000,,, and 


two? 


TABLE I 
Place-Value Chart 

Binary Decimal 
8 4 2 1 10 1 

eights fours twos ones tens ones 
0 0 
1 1 
1 0 2 
l 1 3 
1 0 0 4 
1 0 1 5 
1 1 0 6 
1 1 1 7 
1 0 0 0 8 
1 0 0 1 9 
1 0 1 0 1 0 
1 0 1 1 1 1 
1 1 0 0 1 2 
1 1 0 1 1 3 
1 1 1 0 1 4 
1 1 1 1 1 5 
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interpreted to mean 1 eight, 0 fours, 0 twos, 
and 0 ones. 

We now summarize what we have 
learned so far about binary numeration in 
Table I, and see if we can express our ideas. 

How would we express 106,,, as a 
base-two numeral? Remember: the place 
values in binary numeration are ones, twos, 
fours, eights, sixteens, thirty-twos, sixty- 
fours, one hundred twenty-eights, and so 
on. The largest place value contained in 
106 is sixty-four. There is 1 sixty-four in 
106, and106 — 64 — 42. There is 1 thirty- 
two in 42; 42 — 32 = 10. There are 0 six- 
teens in 10. There is 1 eight in 10; 10—8— 
2. There are 0 fours in 2. There is 1 two in 
2; 2— 2— 0. There are 0 ones in 0. We con- 
clude that 106,,,,= 1101010, 

How would 47,,,, be expressed in the 
binary system? There is 1 thirty-two in 47; 
47 — 32 — 15. There are 0 sixteens in 15. 
There is 1 eight in 15; 15—8— 7. There is | 
four in 7; 7 — 4 — 3. There is 1 two in 3; 
3 — 2 = 1. There is 1 one in 1. So 47, = 
101111, But this method is tedious. 
There is another process that avoids much 
of this labor. 

To convert any decimal numeral into 
its binary form, divide it successively by 2. 
For example, if we divide 47,,, Successive- 
ly by 2, we obtain: 
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The remainders, in inverse order, make up 
the binary equivalent of 47,,. Reading 
from bottom to top, the remainders are 1,0, 
1, 1, 1, 1. So 47,, — 101111 iis checks 


two 


with the result we obtained using the longer 
process. 
BINARY ADDITION 

Suppose we wish to add Lig and 
110,,. We expect the sum to represent 
the same natural number as if the numbers 


Were expressed in base ten. As in base ten, 
addition in base two is always possible; the 
sum of any two numbers is unique; addition 
is commutative and associative; and 0 
names the identity element. 

With these structural properties in 
mind, it is relatively easy to develop addi- 
tion in base two. (In the examples that 
follow, we shall at times discard the sub- 
Script "two" to avoid cluttering up our 
notation.) We begin: 

1+0=0+1=1 
and 
0+0=0 


The only remaining fact we need is 
| + 1. But we have already found out that 
1+ 1 = 10 in the binary system. We there- 
fore write: 


1+1=10 


We can summarize our addition facts 
in the form of a matrix for easy reference. 


meal |i a] 
Oo; 1] 
1 1 | 10 | 
Now let’s add 100 + 10. We have: 
100 
+10 
110 


Now try 10+ 11: 


10 

Tl 

101 
Discussion: 0+ 1 — 1, so we write 1 in 
the ones’ place in the sum. Then 1 + 1 = 
10. Write 0 in the twos’ place in the sum, 

and 1 in the fours’ place. 

Now we shall do two more-difficult ex- 


amples, using only the conventional addi- 
tion algorithm 


(a) 11010+ 10111 =O 
(b) 110100 + 1111001 =] 


Solution (a): 


11010 
10111 
110001 


Discussion: 0 + 1 = 1; write 1 in the 
ones’ place in the sum. 1 + 1 = 10; write 
0 in the twos’ place and remember 1 four. 
1+0+ 1= 10; write 0 in the fours’ place 
and remember | eight. 1 + 1 = 10; write 
0 in the eights’ place and remember 1 six- 
teen. 1 + 1 + ! = 11; write 1 in the six- 
teens’ place and | in the thirty-twos’ place. 
Solution (b): 


110100 
+1111001 
10101101 


Discussion: 0 + 1 = 1; write 1 in the 
sum, 0+0=0; write 0 in the sum. 1 +0=1; 
Write 1 in the sum. 0+ 1 = 1; write 1 in the 
sum. 1 + 1 = 10; write O in the sum and 
remember 1. 1 + 1 + 1 — 11; write 1 in the 
Sum and remember 1. 1 + 1 = 10; write 0 
and then 1 in the sum. 

Here are two more examples for you. 
See if your sums agree with these. 


110101 1101 
+1100011 +1001 
10011000 10110 


BINARY SUBTRACTION 


: Subtraction in the binary system is 
Teated essentially the same as in the deci- 
om System. What is needed is some addi- 
‘onal flexibility with binary notation. 


From 110 let us subtract 101. 


110 
—101 
1 


Discussion: We cannot subtract 1 one 
from 0 ones, so we take 1 unit from the next 
base position (twos) and think of it as ‘10° 
ones. 1 one from ‘10’ ones leaves 1 one; 
write 1 in the ones’ place in the difference. 
0 twos subtracted from 0 twos leaves 0 
twos; 1 four subtracted from 1 four leave 
0 fours. 

Here is another example: 


1001 — 11 =O 
1001 


zl 


110 


Discussion: 1 one from 1 one leaves 
0 ones; write 0 in the ones' place in the dif- 
ference. We can't subtract 1 two from 0 
twos. The base position to the left of twos 
is fours, but there are no fours either. So 
we go to the eights’ place. We change | 
eight to ‘10’ fours. We take one unit from 
the ‘10 fours, which leaves 1 four, and 
change that to ‘10’ twos. Now 1 two from 
‘10° twos leaves 1 two; write | in the twos’ 
place in the difference. We still have 1 four 
remaining, which we show by writing 1 in 
the fours’ place in the difference. 

Let us do a more difficult example: 


10110 — 111=[ 


Discussion: 1 is greater than 0. Change 
| two into ‘10’ ones. 1 from 10 is 1. 
Change 1 four into *10' twos. 1 from 10 
is 1. Change the 1 sixteen into ‘10° eights. 
Take 1 of these eights, which leaves | eight, 
and change it to ‘10° fours. Now we com- 
plete the subtraction. 1 from 10 is 1. 0 
from 1 is 1. The difference is 1111. 

Here are two more examples: 


10011100 10101101 
— 110101 —1111001 
1100111 110100 
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BINARY MULTIPLICATION 


Suppose we wish to multiply 10 and 
11, We expect the product to represent the 
same number as if the multiplication were 
performed in base ten. As in base ten, mul- 
tiplication in base two is always possible, 
the product of any two numbers is unique, 
multiplication is commutative and associa- 
tive; and 1,,,, names the identity element. 
Also we assume that the distributive laws 
hold. That is, multiplication is distributive 
over addition. 

Keeping these assumptions in mind, 
let us develop multiplication in the binary 
system. We have: 


1x0=0x1=0 
and 
1X121 

Our multiplication matrix would then be 
quite simple, 

1 

0 

1 


Let's multiply: 11 x 10. 


: 


E 


-o 


I 
X1 
1 
10_ 
110 
Discussion; 1 x 0 = 0; write 0 in the 
product. | X 1 = 1; write | to the left of 0 
in the first partial product. 1 X 0= 0; write 
0 under 1, in the second partial product. 
1 X 1 = 1; write 1 to the left of the 0 just 
written. Now add, 

Now we are ready to try a more diffi- 

cult multiplication example. 


101 x 1101 -[-] 
Solution: 


| 


c 


BINARY NUMERALS 


Discussion: For the first partial prod- 
uct: 1X 1=1,1x0=0,1 x 1 = 1 and 
1 X 1 = 1. Every entry in the second par- 
tial product is zero. The entries in the third 
partial product are the same as in the first. 
The addition is involved but not overly 
difficult. 

Here are a few more examples for you. 
See if your products agree with these. 


10111 11100 

X 1101 x "111 
10111 11100 
10111 l 
10111 11100 
100101011 — 11000100 


BINARY DIVISION 


To be able to divide with binary nu- 
merals, you must be very familiar with bina- 
ry multiplication and subtraction. The first 
few examples that we shall work will be 
done by repeated subtraction, Then we 
shall resort to the more conventional algo- 
rithm. 

Let's divide 11011,,, by 1 "e 


1001 

11)11011 
1 

0011 

1 

0 


Discussion: 11 is contained in 11 just 
| time. 1 X 11 = 11. Subtract and get 0 
for the difference. Bring down 0. 11 is con- 
tained 0 times in 0; write 0 in the quotient. 
Bring down 1. 11 is contained 0 times in l; 
write 0 in the quotient. Bring down 1. 11 is 
contained 1 time in 11. The remainder is 0. 

Let's look at another example: 


110 
101) 11110 
101 
101 
101 
00 
. . Discussion: 101 is contained in 111 
Just 1 time. 1 x 101 = 101. Subtract and get 
10. Bring down 1. 101 is contained in 101 
also 1 time. 1 x 101 = 101. Subtract and 


get 0. Bring down 0. 101 is contained in 
0 zero times. 
Here are two more examples for you. 
See if your quotients agree with these. You 
may check your work by multiplying the 
divisor by the quotient to get the dividend. 
1110 
10011)100001010 
10011 
11100 
10011 
10011 
10011 


1101 
1101)10101001 
1101 
10000 
1101 
1101 
1101 


BINARY FRACTIONS TO DECIMALS 


Converting fractional numbers in bi- 
nary notation to equivalent decimal numer- 
als is not particularly difficult. The position 
to the right of the "binary point" has a value 
of Ye; the next position has a value of 1/4; 
the next a value of "s; and so on. In each 
position, the numerator is |, and the denom- 
inator is a power of 2 that depends on the 
position: for example, the third place to the 
right of the binary point is 2°, or Vs. We 
consider now an example. 

Example: 1.1011 

Solution: 


1.1011 


=? 
two — ten 


IX Lo 1XV2- 0X Va 
1 X Ya + 1 X Vie 

1+ Yo + 0+ Ys + Vie 
10/16 or 1.6875 


DECIMALS TO BINARY FORM 


Any decimal fraction can be converted 
to its binary equivalent as follows: 

First write the fraction down; then 
multiply it by 2 using base-ten multiplica- 
tion facts. For example, if the decimal frac- 
tion is 0.721, we write: 


yog od 


ten 


0.721 
1.442 


Then remove the integer to the left of the 
decimal point and record it, say on the right: 


0.721 
1.442 1 
0.442 


Repeating, we have: 


0.884 0 
0.884 
1.768 1 
0.768 
1.536 1 
0.536 
1.072 1 
0.072 


The process is repeated until the deci- 
mal fraction is reduced to zero, or until the 
desired number of places in the binary frac- 
tion is obtained. The binary equivalent is 
obtained by reading the recorded digits 
from top to bottom. 

Thus 0.721, = 0.10111,,,. 


BINARY NUMERALS TO OCTALS 


A number expressed as a binary nu- 
meral is readily expressed as an equivalent 
in base eight. For a natural number the 
technique is simple. Since 2? — 8, we begin 
with the smallest unit and group the “digits” 
in clusters of three “digits” each. 

Example: Convert 10110111, to the 
equivalent base-eight numeral. 


Solution: 

(10) (110) (11), = 267 oigre 

ah 6, Teight 

Example: Convert .1101101,,,, to base 
eight. 


Solution: 
(110) (110) (100), 


SUMMARY 


The binary numeral system offers an 
interesting glimpse into the world of mathe- 
matics. Addition and multiplication, at first 
glance, appear to be very simple operations 
in the binary system because there are so 
few facts to learn. A more careful study re- 
veals that numbers of any sizable magni- 


= 664 


two eight 
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tude require an almost endless sequence of 
O's and 1’s for their representations. Oper- 
ations very quickly become bogged down 
in these long and labored numerals. But 
computers, because of their tremendous 
speed, can utilize binary notation to great 
advantage. Many of the digital computers of 
earliest design employed decimal notation, 
but it was soon apparent that binary notation 
had many advantages over other numeration 
systems for computer circuit design. 

There are many interesting phenomena 
that lend themselves to binary explanation. 


If a question can be answered by "yes" 
or "no"; if a circuit is either "closed" or 
"open"; if a light bulb is either “on” or 
"off"; if a choice involves either “male” 
or "female"; if the issue is either "binary 
odd" or *binary even" —these are the kinds 
of situations to which mathematicians apply 
binary notation and find it particularly 
convenient. 

The *new mathematics" programs that 
are currently taught in some elementary 
and secondary schools treat the subject of 
binary numeration in some detail 


——————————————————————— —— — áMÀ Ó— 


NIM: AN INTERESTING GAME 
BASED ON BINARY NUMERALS 


An interesting game for two persons, 
called Nim, is based on binary numeration. 
In this game the players take turns drawing 
chips from three stacks before them. A 
player may draw as many chips as he 
chooses from any stack in a single move. 
In his next move he may take chips from 
the same stack or any other stack as he 
wishes. The player who takes the last chip 
left from the three stacks is the loser. 

If this game is played by an experi- 
enced player and a novice, the beginner 
will rarely win. The secret of the game, as 
an experienced player will know, is to se- 
lect the proper number of. chips from the 
correct stack so that your arrangement will 
be "binary even." This then forces the 
other player to be "binary odd." 

Here is what is meant by "binary 
even" and "binary odd." Suppose the 
stacks of chips, designated as A, B, and 
C, contain 9, 11, and 15 chips respectively. 
Represent 9, 11, and 15 in binary form: 


9= 1001, 11= 1011, and 15= 1011, 
A-|1[o[o| 1 
B—|1[0o|1|1 
Coli: 


After this is done, focus your attention on 


the columns of numbers instead of on the 
original row representations. If the sum of 
each column is 0 or 2, then your position 
is "binary even." If not, your position is 
"binary odd." When it is your turn to move, 
hope that the position you are in is “odd” 
because if it is even, any move you make 
will force you into an odd position and 
may cause you to lose—if your opponent 
knows the game. 

Suppose you are faced with the situa- 
tion depicted in the illustration: 9, 11 and 
15 chips. Your position is clearly "odd," so 
you must make a move which will leave 
your position “even.” With a little practice 
you will see that you should remove 13 of 
the chips from stack C. If you do, your 
position will look like this: 


A>]1)0]0]1 
B>/1/0] 1] 1 
Cc 110 


Quite clearly, the sum of every column is 
either 2 or 0. Or, in other words, you are 
binary even. : 

Once you reach a safe (even) position, 
no matter what your opponent does, you 
will win, provided you make an “even 
move every time. 


ee 
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DATA PROCESSING 


by Elias M. Awad 


What are the most profitable brands of 
Which are money-losers? How does 


manager of a supermarket determine 


swers to questions such as these? 
rst he must gather data—facts and 
s —on soup sales in his store. He must 
ut how many cans of each brand of 
e sold during a given period of time; 
much he pays for a can; how much the 
mer pays for the same can; and so on. 
s called originating, or bringing out, 
t must be done carefully. The data 
| be checked to be certain that it is 


accurate. Then the manager must put this 
data into an understandable, finished form, 
such as a chart or a graph. The data, called 
the input, is now in such shape that it can 
easily be handled, or manipulated, by 
anyone. 

From this input, the manager wishes to 
draw meaningful information on the prof- 
itability of different soup brands. This infor- 
mation is the output of his manipulated data 
input. The process originating-input-ma- 
nipulating-output is the cornerstone of all 
data processing. 


Data processing by machine is vital in modern life. It has many applications, 
ranging (top row, left to right) from computerized analysis of a heart patient's 
condition to speedy computerized confirmation of airline reservations and to the 
familiar cash-register computation. Computers process bank records (lower left) 
and rapidly provide all types of business data (lower right). 


UPI; IBM; NCR; Raymond Juschkus, Chase Manhattan Bank; NCR 
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IBM IBM 


Recording the data is essential to data processing. 
Records can be stored on punched cards (top and 
center), magnetic tape (lower left), or magnetic 
disks (lower right). 


NASA 
The success of the Apollo series of moon landings 
depended on complex computerized data-pro- 
cessing systems. Above: a photo of part of the mis- 
sion control room during the Apollo 16 flight 


_ The manager may manipulate the data 
input in several ways. Paper and pencil may 
be enough. Or he may need a calculating 
machine. If the input is very large, he may 
have a computerized system. 

The output from his manipulation of 
the data may be a written Statement de- 
scribing the profitability of different soup 
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brands. Or the output may be in the form of 
a mathematical equation that relates profits 
to costs. 

The procedure described above is an 
example of data processing. The manager 
(1) originated the data, (2) arranged it for 
input, (3) manipulated it and (4) »roduced 
an output of orderly information 

We use data processing all the time in 
our daily lives without even realizing it. For 


example, whenever we see, hear, smell, 
taste, or feel anything, data in the form of 
nerve impulses races to the brain. The brain 


manipulates this data to obtain the informa- 
tion we need to think or behave in a certain 
way. In this case, the information and the 
reactions it produces may be considered 
the output of the brain's activity 

In the broadest sense, data is anything 
that produces information. Information is 
data that has been refined, summarized, and 
arranged in a logical fashion. 

There are many ways to communicate, 
or relay, data. Speech and writing are prob- 
ably the most familiar ways. Shorthand, 
electrical pulses, and magnetic patterns are 
some other methods. 


DATA PROCESSING BY MACHINE 


For many centuries people have used 
Speech, written language, and numbers to 
process data. Most of this data arises from 
human activities such as historical events, 
government and business dealings, social 
life, and various personal affairs. 

Until about a century ago, speech and 
writing were sufficient to process such data. 
But these methods became too slow as 
population began to increase and institu- 
tions became larger and more complicated. 
Man then turned to machines for help. 

Like human beings, many machines— 
lypewriters, electronic calculators, cash 
registers, and certain parts of computers — 
make use of ordinary letters, words, and 
numbers. But other devices use a "lan- 
guage" of their own: coded holes punched 
in paper tape and cards, electric and elec- 
tronic pulses, magnetic patterns on tapes or 
disks, and so on. , 

Beginning about 1870, data-processing 
machines began to be adopted on a wide 


check. 


ORIGINATION 


scale. These early devices were strictly 
mechanical, They did not use electricity or 
electronics. Many of them—such as cash 
registers and adding machines—are still 
very useful today. 

These mechanical processors greatly 
speed up data handling. Operations that 
used to take weeks and months can be done 
more accurately in a few hours or days. 

But government and business institu- 
tions became still larger and more complex. 
Even more speed in data processing be- 
came necessary. To meet the need, electric- 
ity was pressed into service. It made type- 
writers, calculators, and many new types of 
business machines faster and more exact. 
Calculations and other data operations 
were cut from days to hours and even min- 
utes. Until about 1940, these so-called 
electromechanical processors served the 
needs of government and industry well. 
Even today, many of them are still used. 

But since 1940, the electronic com- 
puter has revolutionized data processing. 
The first serious application of computers 
was their use in solving complex military 
problems during World War II. Also, small 
computers were applied to the aiming of 
guns. Since then, the use of computers has 
Spread into business, industry, government, 
education, engineering, and other fields. 

There is hardly any part of our lives 
that has not been touched by computers. 
Computers and computerlike devices often 


A payroll operation illus- 
trates basic data-processing 
procedures. An employee's 
time record (lower left) origi- 
nates data, which is orga- 
nized into usable input. The 
input is manipulated—clas- 
sified, sorted, calculated, re- 
corded, and summarized— 
and the output is the pay- 


Left and upper left: Courtesy of Goldsmith Bros 


Classifying 
Sorting 
Calculating 
Recording 
Summarizing 
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take care of our bills, checks, loans, credit, 
and other financial transactions. They are 
used as teaching aids in school. A nation’s 
economic needs and future may be deter- 
mined by using computers. Such computer 
applications process and produce moun- 
tains of data and information. 

The computer has cut the time needed 
for calculations enormously. Hundreds of 
thousands of calculations can be finished in 
one second. Also, data processing that 
could never before be tried, because it was 
so terribly difficult, can now be handled 
quickly on computers. 

Unlike mechanical and electromechan- 
ical data processors, the heart of a com- 
puter has no moving parts. Computer input 
and output are, however, often handled 
mechanically or electromechanically. But 
even these phases have been speeded up 
recently. 


PROCESSING A PAYROLL 


Let us say you hold a job in some busi- 
ness or industrial firm. You work a certain 
number of hours a day, so many days per 
week and so many weeks in a year. You get 
a certain number of days off a year: week- 
ends, legal holidays and paid vacations. In 
addition, you may sometimes be unable to 
work a full day or may be out sick. 

The firm must keep an exact record of 
the time you work and your time off. It 
must do this, not only to rate your work 
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performance, but to calculate your pay. 
You receive a definite wage, based on an 
hourly rate of compensation. From this, the 
company must deduct certain employee 
expenses: taxes, pension, insurance, and 
social security. At the end of each week or 
every two weeks or monthly, you get a 
paycheck, 

These payroll operations can be com- 
plex and difficult, especially in companies 
that employ hundreds or thousands of peo- 
ple. In the following description of a typical 
payroll operation, we assume a computer is 
not being used. That is, the work is done by 
hand or on ordinary, electromechanical 
office machines, 

As you come in to work, you may sign 
a time sheet, indicating the time you report. 
Or you may punch a time clock. The exact 
time of your entrance is thus recorded. Af- 
ter the day’s work, you sign out the time 
you leave or punch the clock again. 

In this way you have originated data 
on daily attendance at your job. By the end 
of the week or of some other convenient 
period, your time record, along with that of 
other employees, is checked for accuracy 
and edited. It perhaps is entered on some 
other form of record. The time records, in 
other words, are worked into an under- 

standable data input. 

This input is manipulated for output. 
One of the most important outputs in this 
case is your paycheck. Manipulation of 
data input here, as in many other situations, 
takes place in four basic steps: (1) classify- 
ing, (2) sorting, (3) calculating and record- 
ing, and (4) summarizing. 

Let us look at each of these steps. 
When input data—the time records of em- 
ployees —is classified, it is broken up into 
different groups. For example, the time 
records often are grouped according to the 
departments in the company. Each employ- 
ee in a given department — such as account- 
ing, production, or sales—usually has a 
number. 

Note an important fact here. The data 
containing an employee's name, number, 
department, wages, and deductions exists 
before the current data on his working time 
comes in. This older data, which is gener- 
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Electronic data processing is used at the Olympics. 
Seconds after an athlete throws a javelin, the dis- 
tance thrown has been measured with the aid of a 
beam and the result posted. Hand-held beam re- 
flector is shown at top of photo. 


ally considered to be permanent, is com- 
pared or combined with the new data 
(working time). The result is the new output 
(current paycheck). Reworking of older and 
newer records is one of the most important 
features of data processing. 

After classification the input is sorted. 
Within each group — in this case, a company 
department —data is put into some kind of 
order, or sequence. The employees’ time 
records may be sorted in alphabetical order 
(by name) or in numerical order (by the 
employees' numbers). 

Once the data has been classified and 
sorted, the payroll clerks calculate and 
record wages, hours worked, time off, and 
deductions for taxes, pension, insurance, 
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Measuring the field-event distances at the Olympics. After each throw, a prism 
marked the point of impact. A measuring instrument (lower left), placed at a 
known distance from the athlete, then emitted a beam that, when reflected, gave 
the distance between the prism and the measuring device. Instruments then 
computed the third side of the triangle — the distance thrown. 


and social security. Another important 
phase of manipulation is the adding up, or 
summarizing, of all the data being pro- 
cessed. Much of the data connected with a 
payroll is very important to the managers of 
a firm. They use the figures to find out the 
labor costs of the company in a given peri- 
od. Important decisions about company 
policies may then be made. 

After the origination of data, its input 
and manipulation, we have an output. In 
our example, this includes, among other 
things, your paycheck. The check is usually 
in two attached parts. One part shows your 
net pay (pay after all deductions); this is the 
part you endorse and then cash at the bank 
or deposit to your own account. The other 
part of the check gives your gross pay, and 
may list the deductions —insurance, pen- 
sion, taxes, and social security — that were 
taken out, resulting in your net pay. These 
deductions may vary greatly. 


COMPUTER DATA PROCESSING 


Basically, computerized data process- 
ing is much the same as that done by hand 
or by electromechanical methods. The 
main difference is that a computer handles 
all the work at one time, in one continuous 
operation at high speed. Certain steps, such 
as sorting, may be left out entirely. Very lit- 
tle is done by human beings. 

Computer data processing takes place 
in three phases: input, the processing oper- 
ation itself, and output. Data input is in 
such a form that the machine can “read” it 
for processing. The data may be recorded 
on punched cards or tape, on magnetic 
tape, or on magnetic disks or drums. Or it 
may be fed into the computer as typed or 
printed letters, words, numbers, or other 
symbols. 

The computer then processes the input 
according to a program that has previously 
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been put into it. In the case of a payroll 
operation, the computer reads all the neces- 
sary data: employee's name, number, de- 
partment, pay rate, number of hours 
worked, time off, deductions, and so on. 
The computer then calculates the em- 
ployee's gross pay and net pay. These fig- 
ures are then released from the computer's 
memory, or data-storage banks, and printed 
on a check. 

In other computers, the output is not in 
printed form. Rather, it is recorded as code 
on punched cards, tape, magnetic tape, or 
magnetic disks or drums. 


FILING OF DATA 


A data file is a group of records. There 
are files on almost any subject: births, 
deaths, crime, and scientific research. 

A familiar type of file is a collection of. 
written and printed documents, These doc- 
uments—papers, cards, pamphlets, clip- 
pings, and sometimes books —are usually 
kept in a definite order and stored in cabi- 
nets, in drawers, or on shelves. 

Other kinds of files may be less famil- 
iar. Data may be photographed on micro- 


"Where do you feel pain?" A patient answers using 
an electronic "light pen." A computer then pro- 
cesses the patient's medical data and prints a sum- 
mary for the doctor to study. 


IBM 
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film, too small to read with the unaided eye, 
but taking up very little storage space. 
Other files may have data coded as holes 
punched in cards or paper tape. Still other 


data files may be recorded as patterns on 
magnetic tape, disks, or drums. 
Information, which is the finished out- 
put of processed data, is often stored in files 
just as data is. However, information from 
one system of data processing may serve as 


data for another processing system. Thus 


files are often changed into still other kinds 
of files. For example, printed documents 
from one file may be coded on punched 


cards or magnetic tape. The cards or tape 


may then be used as input for a computer. 
Whatever its form, a file bo tores 
records and makes them available to 
whomever needs them. A computer, for 
example, keeps records in its memory, or 
data-storage banks. It uses this more per- 
manent data in processing newe: that 
comes in. This computer data bank is called 
internal storage. The storing of data out- 
side the computer is called externa! stor- 
age. External data storage often exists in 


ards, 


the form of magnetic tape, punch 
and documents. 

A file is classified in one of two ways: 

l. A functional file is set up with a 
definite purpose in mind; the data is classi- 
fied according to its function or use 

2. A physically arranged file is not set 
up for a specific function; its records are 
placed in any convenient order or location. 

A functional file may be either a mas- 
ter file or a transaction file. A master file 
contains only related permanent records 
that need to be updated from time to 
time. In contrast, a transaction file holds 
only recent records, or transactions, which 
represent the changes to be made in updat- 
ing a master file. A transaction file is tempo- 
rary. 

A file classified by physical arrange- 
ment keeps its records in either of two 
forms: sequential or random access. 

Sequential. In a sequential file, the 
records are stored in a serial order, or se- 
quence. A machine must scan all previous 
eee before it reaches the one that is de- 
sired. 


Ihe most important medium for se- 
quential data storage is magnetic tape. Sup- 
pose we have 10 records “written” on tape 
in (he proper numerical sequence: 01, 02, 
03, 04, 05, 06, 07, 08, 09 and 10. If, for in- 
stance, record 06 is needed for processing, 
the machine must scan records 01 through 
05 before it gets to 06. 

Sequential-file storage is ideal where 
regular updating of all records, such as 
customers' accounts, is needed. Time is 
not lost by the computer's having to search 
for individual records on the tape. The 
accounts have simply been recorded one 
aft another, and the computer runs 
through and updates them rapidly, at regu- 
lar periods. 

Random access. In random-access 
files, records are usually stored on magnetic 
disks. The disk is similar to a long-playing 
record, except that each track on a disk is a 
cir These are arranged in a pattern of 
smaller and smaller circles, one inside the 
ot! 


The records on a particular track, or 
section of track, have a specific code num- 
ber. Given this code number by the person 
seeking a record, the machine can go direct- 
ly to that track or section. Instead of going 
through all the records in the file, it need 
only "read" through those few having 
the same code number to find the desired 
record. 


PROCESSING DATA FILES 


Because many files are constantly 
tapped for information, they must be kept 
up to date. As new transactions take place, 
the data must be entered in the file. De- 
pending on the file, this is done either by a 
person or by a machine. 

If the records are stored on magnetic 
tape, disks, or drums, or on punched cards 
or tape, the data must be read by a machine 
such as a computer. 

Sequential files are updated by an op- 
eration called batch processing. Random- 
access files are updated by on-line pro- 
cessing. 

Batch processing. Records stored in 
sequence on magnetic tape or punched 
cards call for periodic processing. Records 
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Not all data-processing machines are bulky. This 
electronic calculator and many others—some even 
smaller—can be put in a pocket. Such machines 
solve arithmetic problems, showing the answer in 
the window on top. 


of transactions are gathered over a period 
of time. Then a batch of such records are all 
processed at the same time. 

Batch processing is ideal for payrolls, 
commercial accounts, and other sequential 
transactions. There is an obvious saving of 
computer time if transactions can be han- 
dled this way. 

A master file may also be batch-pro- 
cessed. If the master file is on magnetic 
tape, it can be put through a computer when 
it needs updating. Prior to the actual com- 
puter run, the batch of new data is sorted 
and sequenced in the same order as the 
master file. When the operation begins, the 
computer reads each piece of data and lo- 
cates the corresponding record on the mas- 
ter tape. This operation continues until the 
tape is updated. A new, revised master tape 
is thus produced and is used for the next 
updating operation. 

There are several advantages to batch 
processing. Because a large volume of rec- 
ords is processed at one time, there is a sav- 
ing of computer time and of money. Also, 
the time and money needed to prepare 
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these records for processing are decreased. 
There is more effective control over pro- 
cessing errors. Totals of the figures can be 
taken both before and after each run, thus 
making sure that no transactions have been 
left out. 

But batch processing also has disad- 
vantages, It is difficult to process data at 
times other than those scheduled for batch 
processing. Updating a record right away 
may not be possible or may be expensive. 
Another disadvantage is that batch pro- 
cessing places a heavy load on a computer 
all at one time. Occasionally, serious prob- 
lems may arise, such as delay or break- 
down. 

On-line processing. For random-ac- 
cess data files, an entirely different type of 
processing is used. On-line processing han- 
dles transactions as they come, regardless 
of their order. No sorting or batching is 
needed before the computer run. 

Effective on-line processing requires 
the use of fast, so-called direct-access de- 
vices. These are magnetic disks or drums 
where every data-storage location and rec- 
ord can be reached directly. 

In the on-line system a master record 
is updated shortly after a new transaction 
takes place. This system is ideal when 
transactions are not sequenced. It is espe- 
cially useful when the situation demands 
more frequent runs than those made under 
batch processing. 

Other advantages of on-line operation 
include faster supply of information to the 
user, because transactions are processed as 
they come. Further, a computer is not bur- 
dened with an excessive amount of work at 
one time, so that other data runs are not 
delayed. The generally faster on-line 
method makes the whole operation efficient 
from the standpoint of time saved. 

But on-line processing has certain dis- 
advantages. Large and expensive data- 
storage devices are needed. Processing 
costs can also be high, since usually a rela- 
tively few transactions are run through at 
one time. Also, it is hard to trace the flow of 
data from input to output through an on-line 
system. If the system breaks down, serious 
delays and costly errors result. 
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A policeman dials a coded message, w! rans- 
mitted by regular radio to a terminal where a com- 
puter processes the message. 


PROCESSING OF AIRLINE RESERVATIONS 

On-line processing is especially useful 
in the reservation of airplane 'nger 
tickets. The actual time it takes to «ct a re- 
sponse to a request is only a matter of sec- 
onds. 

American Airlines, for example, has 
SABER, a Semiautomatic Busir nvi- 
ronment Research system, which allows 
hundreds of ticket agents to make reserva- 
tions through a central compute: iplex 
almost instantly. 

When a prospective passenger calls for 
one or more reservations on a flight, the 
ticket agent punches coded information 
through a terminal. The terminal is con- 
nected, along with other terminals, through 
low-speed lines to a terminal interchange 


located in the same area. 

The interchange holds the agent’s mes- 
sage until the central computer complex, in 
New York (the headquarters), is ready to 
take it. When this happens, the message 
goes through high-speed lines to the com- 
plex. The computer then begins to search 
the data filed on its magnetic disks for an 
answer to the ticket request. 

When the answer is ready, it is trans- 
mitted from the computer complex to the 
agent who sent the original message. The 
agent, in turn, informs the prospective pas- 
senger whether there are seats on the de- 
sired flight and whether the reservations are 
confirmed. The entire operation from be- 
ginning to end takes about 3 to 5 seconds. 

The program used in running SABER 


consists of over 150,000 instructions. It 
handles, among others, the following key 
items of information: the passenger's name; 
the name of the person making the reserva- 
tion; the phone number where the pas- 
senger may be reached; the name of the 
person picking up the tickets; special-menu 
requests; wheelchair requests; special 
shows booked at the flight destination; 
car-rental requests. 

The complex structure of this system 
is shown by the fact that the entire inven- 
tory of such information can be updated, 
beginning as much as one year ahead of a 
current reservation date. 

At present SABER terminals and 
other similar systems, such as the Apollo 
system, are operated by ticket agents all 
over the world. More than 65 percent of 
U.S. travel agencies use these computer- 
ized reservation tools. In 1983 they sold 
about two-thirds of all airline tickets issued 
in the United States. 


DESIGN OF DATA PROCESSING 


Any organization, no matter what its 
size, processes data. If the output is to have 
any meaning, the data must be processed in 
| systematic way. 

A data system has two main jobs: cre- 
ating data for files and keeping the files up 
to date. Thus, new output is created from 
time to time, such as paychecks in a payroll 
operation. 

In order for an organization to get the 
desired output, a definite routine, or pro- 
cedure, whether computerized or not, must 
be set up for the organization. This is the 
job of systems analysts. These experts 
work in teams and discuss the problems 
involved. 

Systems analysis and design include 
the following activities: (1) collection of 
data—showing the data to be used; (2) ana- 
lyzing the data—showing how the data is to 
be handled; (3) systems design—creating 
the routine to be followed in getting the 
necessary output. 

The systems analyst is the key person 
in the systems concept. The analyst directs 
those people in charge of developing the 
needed procedures. The analyst must keep 


the managers of an organization informed 
about the system of data processing that 
best serves their interests and about the 
state of the system at all times. 

Furthermore, the analyst explores new 
methods of designing more efficient data- 
processing systems and keeps informed 
about the abilities and costs of different 
equipment being sold on the market. The 
analyst must justify the need for up-to-date 
reports, cut out any unnecessary pro- 
cedures, and switch people from dull, rou- 
tine work to more creative jobs. 

To suit the standards and needs dis- 
cussed above, data-processing equipment 
must be chosen carefully. The best system 
is one that produces the desired output in 
proper form at the rate of speed required, 
and at the lowest possible costs in time, 
labor, and money. 

Also important are the size of the orga- 
nization, the volume of data to be pro- 
cessed, the complexity of the operations, 
and the accuracy needed. All the consider- 
ations mentioned above must be weighed 
before a particular data-processing system 
is chosen. 

The system chosen may be manual. 
This may be ideal for small organizations 
that handle limited amounts of simple data. 
Or the system may use mechanical or 
electromechanical equipment, such as 
punched-card or punched-tape processors, 
calculators, and conventional typewriters. 
A large organization handling tons of data 
needs a computerized system. The chief 
operation chosen may be batch processing 
or on-line processing. 

All in all, the combined efforts of man 
and machine make it possible for organiza- 
tions to handle data effectively. This kind of 
system benefits individuals, too. Workers in 
large companies receive paychecks on time 
because of complex data-processing ma- 
chines. Mathematicians and scientists pro- 
cess data on computers, thus completing 
complex calculations in minutes instead of 
months. Banks use data-processing sys- 
tems to determine the interest on savings 
accounts. In these and many other instanc- 
es, people who handle figures are relieved 
of almost endless drudgery. 


DATA PROCESSING 


461 


462 


The cylindrical arrangement of this very powerful Cray computer enhances 
Operating speed by permitting shorter than average connections among its 
elements, 


COMPUTERS 


by R. Clay Sprowls 


"Good morning, Alice." As a com- 
puter terminal prints out this greeting, 
eight-year-old Alice begins her lesson in 
modern math. At the same time, one of her 
classmates begins a computer-assisted les- 
son in spelling. 

Two thousand kilometers away, a 
poultry farmer in Oregon uses a computer 
to determine how much it will cost to dou- 
ble the size of his operation. 

In New York City a police patrol car 
spots a suspicious vehicle. The police offi- 
cer calls headquarters and relays the li- 
cense plate number to a computer operator. 
Within seconds a reply comes back: the car 
isn't wanted. 

In Mexico City a doctor must treat a 
seriously ill U.S. visitor. The physician 
telephones a computerized medical-history 
reporting service in New York. Within 
minutes the doctor learns that the patient is 
allergic to sulfa drugs, has type-B * blood, 
and is a diabetic. 


COMPUTERS 


In Belgium a young man dies in an au- 
tomobile accident. His tissues are typed 
and matched via computer with the tissue 
types of 300 patients awaiting kidney trans- 
plants. One of the young man's kidneys is 
flown to a hospital in Luxembourg, the 


other to England. The entire procedure 
takes less than 12 hours. j 

Today computers are used in teaching 
languages, building airplanes, keeping track 
of manufacturing orders, drawing maps and 
graphs, even hunting for hidden chambers 
in the ancient pyramids of Egypt. In short, 
they have become an integral part of our 
lives, whether we are scientists, business- 
persons, students, or homemakers. Com- 
puters, in fact, have become the ''giant 
brains" on which large parts of modern so- 
ciety depend. f 

The computer, however, is basically 
simple and should not be held in awe. It 
should not be kept at arm's length out of 
either fear or ignorance. Fundamentally, 


the computer simply accepts an input of 
some data, stores this data, manipulates it, 
and then produces the desired information 
on an output device. 

There are two kinds of computers: dig- 
ital and analog. The analog computer deals 
directly with measurable quantities like 
forces, voltages, pressures, temperatures, 
and other continuous variables. It is de- 
signed to be an analogy or a physical like- 
ness of the problem it is to solve. Equations 
that describe the relations among the com- 
puter variables are assumed to be closely 
related to the problem variables. Changes 
in the computer variables are interpreted as 
the outcomes that would result from 
changes in the problem variables. 

The digital computer works with num- 
bers or symbols coded into a numeral form. 
The name digital computer comes from dig- 
it, à word that means a single number sym- 
bol. Digital computers basically count 
things to get results. The hand or desk cal- 


culator is a digital device, in contrast with 
a slide rule, which is an analog device. Both 
can be used for arithmetic operations such 


as multiplication or division. 

When people use the word ‘‘com- 
puter,” however, they are usually referring 
to the digital type. Although the analog type 
still has some uses, these are limited. The 
emphasis in this article is on the digital 
computer. 


PARTS OF AN ELECTRONIC COMPUTER 


The computers used in our society 
today are many and varied. Each of them 
has certain basic components that are al- 
ways present. Beyond the basic parts, 
computers differ in the number and variety 
of units that are added to form a computing 
System. A knowledge of the basic function- 
ing parts provides a frame of reference with 
Which to approach the more complex com- 
puting systems. Probably the most impor- 
tant part of any computer is the central pro- 
cessing unit. 

The central processing unit (CPU) 
provides the computer with arithmetic, log- 
ical, and control capabilities. The arithme- 
tic unit of the CPU provides for the sim- 
plest of arithmetic operations—namely, 
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A professional computer terminal, with a movable 
keyboard and flexibly mounted monitor screen. 


nothing more than addition, subtraction, 
multiplication, and division. The logical 
operations are very little more than an abili- 
ty to compare two numbers and determine 
whether they are equal, and, if unequal, 
which one is the larger. 

The control unit of the central proces- 
sor governs the operation of the computer 
electronically. It coordinates the various 
units that make up the computer and deter- 
mines in what order these units are to be- 
come active and for how long. The process- 
ing unit accomplishes its tasks by executing 
instructions of a program. Each instruction 
causes the computer to take one very small 
step in carrying out some process. The set 
of instructions that makes up the complete 
directions to the computer is called a com- 
puter program. 

Associated very closely with the cen- 
tral processing unit is a storage unit. This is 
the primary storage unit for the computer 
and is often called the memory. This unit 
receives data, holds the data indefinitely 
without erasure or loss, and supplies the 
data upon command from the CPU for 
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processing. Together, the primary storage 
and the CPU are the heart of the computer 
system. 

The input and output units are the 
mechanisms by which data and other infor- 
mation are transferred between the com- 
puter storage and the outside world. One 
common input medium is the magnetic 
disk. Data recorded on the disk are read 
into the computer storage. One very impor- 
tant output device is some form of printer, 
perhaps as simple as a typewriter or as 
complicated as a high-speed laser print- 
er that will print thousands of lines per 
minute. 

Finally, human control over the com- 
puter is exercised through the console. 
Lights, switches, and buttons not only en- 
able the computer operator to control the 
computer, but also to monitor what the 
computer is doing at any moment. Very 
often the console is designed into the CPU 
so that physically the processor and con- 
sole are in one box. 

A simplified diagram of a computer is 
shown above. The diagram represents 
a small computer with magnetic tape for 
input and a printer for output. The solid 
lines indicate the direction of flow for data 
values and instructions. For example, input 
values are transferred from the tape to 
memory; output values from memory to the 
printer. Values are also transferred be- 
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a computer solid 
lines indicate the di- 
rection of flow for the 
data values and the in- 
structions, The dashed 
lines indicate the con- 
trol the CPU has over 
other units. 
tween memory and the arithmetic nit in 
both directions. Instructions are trans- 
ferred from memory to the contro! unit. 
The dashed lines indicate the exercise of 
control. Thus, they connect the contro! unit 
with the input, output, and arithmetic units 
as well as with the memory. 
Any computer has these basic func- 


tioning parts. Large and complex co: iputer 
systems have both a greater variety of units 
than shown in the diagram and more of 
each unit. Large computers with multiple 
terminals usually costing in excess of 
$100,000 are called mainframe computers. 
Medium-sized computers that can also 
service multiple users but can fit into an 
office situation and cost under $100,000 are 
called minicomputers. Small computers 
serving a single user in home or business 
are called microcomputers, or personal 
computers. 


STORING INFORMATION 


The digital computer represents num- 
bers in a binary form. One popular binary 
code is the Extended Binary Coded Deci- 
mal Interchange Code, abbreviated as 
EBCDIC and pronounced phonetically as 
EEB-SEE-DIK. This is a code in which 
eight binary digits, or eight bits, code one 
character. Each group of eight bits is called 
a byte. Each character that the computer 
can represent is coded into a unique byte. 


bits will provide 256 such unique 
and these can be used to represent 
: ferent characters in computer stor- 
age. ^ selected list of EBCDIC characters 
eir codes is shown in Table 1. The 
ry unit stores all data in this or some 
r binary form. 


TABLEI 

‘ected EBCDIC Coded Characters 
blank 01000000 
01001011 

01001110 

01100000 

01111110 

A 11000001 
b 11000010 
( 11000011 
Z 11101001 
D 11110000 
11110001 

11110010 

£ 11111001 


l'he memory unit of a computer should 

> five desirable qualities: (1) it should be 
reliable, in the sense that a character is not 
easily erased; (2) it should be large, so that 
it can store a lot of data; (3) it should be or- 
ga ble into independent locations, so 
that characters will not be placed on top of 
each other; (4) it should be fast, so that ac- 
cess to values takes very little time; and (5) 
it should be inexpensive. 

Not all of these desirable properties 
can be found in a single storage medium. 
One form of memory is composed of mag- 
netic cores, which are reliable, fast, and 
organizable into independent locations. 
When core memories are large, they are 
also expensive, so that low cost comes only 
with limited size. 

A magnetic core looks like a tiny 
doughnut that is as small as 0.5 millimeter 
in diameter with a 0.4-millimeter hole. (See 
Figure.) It is made of a ferrous material 
that can be magnetized, either in a clock- 
wise or a counterclockwise direction. Be- 
cause of this, the core can store informa- 
tion. The two magnetized "states" are 
unique and distinguishable and can repre- 
sent the 0 and 1 values of a binary digit. 


joe 


Although one core can store only binary- 
digit values of 0 or 1, a collection of cores 
can store a very large number of bits. 

An electric current moving along a 
wire generates a magnetic field around the 
wire. When the direction of the current is 
reversed, the direction of the magnetic field 
is reversed. If a magnetic core is strung on 
a wire, the magnetic field generated by a 
current moving along the wire magnetizes 
the core in the same direction. If a whole 
string of cores is subject to the magnetic 
field generated by the current passing along 
their wire, each will be magnetized. For use 
in a computer memory, a single core must 
be magnetized instead of the whole string. 
This is accomplished by making use of the 
magnetic properties of the material of 
which the core is made. 


Part of an actual core plane, greatly magnified. 
Each core can store one bit of information. Notice 
how each core is located at the intersection of two 


wires. 
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If the electric current passing through 
the wire is too weak, the core is not perma- 
nently magnetized. Only if the current is 
strong enough will it generate a magnetic 
field sufficient to magnetize the core perma- 
nently regardless of its former condition. A 
current that is too weak will leave the core 
unaffected. For this reason, each core is 
placed at the intersection of two wires. The 
wires are threaded through the holes of the 
cores. The strength of the current passing 
through the two wires is carefully regulated 
so that a current in one of them is not suf- 
ficient to magnetize a core. Only with two 
current pulses acting simultaneously will 
the current strength exceed the threshold 
needed to magnetize a core premanently. 
Current flowing along both wires will per- 
manently magnetize just the single core that 
is located where the wires cross. 

The cores are organized into planes. 
Each core in a plane is uniquely located by 
the intersection of two wires: one strung 
horizontally and one strung vertically in the 
plane. If eight such planes are stacked on 
top of each other, the vertical column of 
eight cores at the same row-column inter- 
section of each plane represents the eight 
bits of one byte and therefore one character 
of binary-coded data. 

Collections of bits (cores) organized 
into planes and stacks of planes form com- 
puter-memory capacities that run from as 
small as 4,000 bytes up to as large as sever- 
al million bytes. These bytes have address- 
es to identify them uniquely to the central 
processor, so that characters may be stored 
in memory independently and not placed 
one upon another. The address is a unique 
number assigned to each group of eight bits 
(one vertical column of eight cores). 


BINARY CHARACTERS 


Internally, characters are represented 
as eight-digit binary numerals. Each char- 
acter has a binary-numeric value that dis- 
tinguishes it from another character. In the 
characters illustrated in Table 1, “blank” 
has the smallest numeric value (01000000), 
and the digit “9° has the largest numeric 
value (11111001). These values not only 
identify the individual characters, but they 
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permit comparisons of one with another, 
For example, the largest special c er 
is the “=” sign (01111110). Numerically it 
is smaller than the first letter of the alpha- 
bet, A (11000001). Z has the largest value 
of any alphabetic character (11101001). and 


it is smaller than the smallest of any of the 
decimal digits (11110000). 

Comparing characters in the computer 
is unlike comparing them visually, where 
the shape of the character is so important in 
reading. The internal binary code is impor- 
tant in the computer. The order of such 
codes is established so that the binary- 
numeric values progress in an order that 
permits comparison, and therefore sorting, 
into a meaningful sequence. Values that are 


names of people, for example, are sorted 
by comparing the byte codes in increasing 
value to organize them from A to Z—that 
is, from 11000001 to 11101001. 

In some applications and uses of the 
computer, a knowledge of the exact con- 
tents of the memory is necessary. By cxact 


contents is meant the status of the individu- 
al bits of the data value. A printout of the 
contents of memory is called a dump. A 


dump of the memory in binary form is ex- 
tremely difficult to interpret. Even to com- 
pare one eight-bit byte with another to see 
what each represents is difficult. To search 
through hundreds and possibly thousands 
of such binary values, as is sometimes nec- 
essary, is impossible. Therefore byte- 
organized computers are usually capable 
of representing bits in the notation of hexa- 
decimal numerals. 


HEXADECIMAL NUMERAL SYSTEM 


The hexadecimal numeral system uses 
the base 16, as contrasted with the base 10 
of the decimal system and base 2 of the bi- 
nary system. The 16 different characters 
needed to represent each hexadecimal digit 
may be chosen rather arbitrarily, but cur- 
rent conventions use the 10 decimal digits 0 
through 9 and the letters A, B, C, D, E, and 
F. The hexadecimal digits and their decimal 
counterparts are shown in Table II. 

A single hexadecimal digit can unique- 
ly represent four binary bits because there 
are 16 different patterns of four binary dig- 


HT 


gaa 


BEN 
=: 
E 
F3 
EF 
EH 


Hewlett Packard 


The primary storage unit of a computer is called its memory. This unit receives 
data, holds data indefinitely, and supplies data for processing. Above is the 


complex memory board for a Hewlett Packard 3000 Series 2 computer. 


its in the numbers from 0000 to 1111. 
These are also shown in Table II. A print- 
out of memory in hexadecimal notation is a 
representation of the exact contents of stor- 
age. One need only translate hexadecimal 
into binary to know exactly the bits that are 
stored. For example, suppose the computer 
is treating four bytes as a single unit of data. 
The internal value might be 
11000101001000000001011011111101 
in binary numerals. This number is more 
easily represented in hexadecimal by con- 
verting each group of four binary digits into 
one hexadecimal digit. 
C52016FD 
Now a change of one bit of the binary num- 
ber is not easily detected in the binary form. 
Can you find which bit is changed below? 
11000101001000000001111011111101 
A printout in hexadecimal is 
C5201EFD 


TABLE II 
HEXADECIMAL NUMERALS 
HEXA- 
DECIMAL DECIMAL BINARY 
0 0 0000 
1 I 0001 
2 2 0010 
3 3 0011 
4 4 0100 
5 5 0101 
6 6 0110 
7 7 0111 
8 8 1000 
9 9 1001 
10 A 1010 
11 B 1011 
12 G 1100 
13 D 1101 
14 E 1110 
15 F 1111 
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The change from 6 (0110) to E (1110) 
shows up very readily. 

Or suppose that a core dump produces 
the following hexadecimal number 

8011 
One can easily write the binary form as 
1000000000010001 
and if this value is known to be a single bi- 
nary integer with a sign bit and 15 data bits, 
the decimal integer value is — 17. 

Computers do not operate with hexa- 
decimal numbers. These numerals are 
merely a convenient way to represent bina- 
ry numerals. They are important in present- 
day computers with memories organized 
around bytes, or eight bits, because two 
hexadecimal digits represent the exact bit 
contents of one byte in memory. 

Magnetic-core memories are fast. 
Computers today can deliver a byte from 
memory to the central processor in about 
one microsecond—one-millionth of a sec- 
ond. This ‘‘delivery time” is called the ac- 
cess time. Today computers are becoming 
available with access times on the order of 
100 to 250 nanoseconds (hundred-mil- 
lionths of a second). Core memories are 
also expensive, so that many computer sys- 
tems have a limited amount of such storage 
and augment it with other forms that are 
cheaper but also slower. 

A less expensive form of memory is 
found on a silicon chip. Although silicon 
memory chips are slower than core mem- 
ory, they are common in small computers. 


EFFICIENT OPERATION 


The computer is intended to serve the 
computing needs of a variety of users. Even 
the small computer outlined in this part of 
the article could serve the needs of students 
in à computer club or a mathematics 
course, or the school's administrative office 
for certain clerical functions. Even the li- 
brarian can use it to keep track of books. 
Operating procedures, however, must be 
worked out to give each user a simple 
means of access to the computer. 

Each user may be thought of as having 
a “job” to be done, and usually the user 
wants the job completed immediately. One 
procedure therefore is to allow the individ- 
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ual user to take over the complete com- 
puter facility to process the job. The user 
analyzes the problem and prepares the pro- 
gram to carry out the steps necessary for 
the computations. The user sets all of the 
switches and pushes all of the correct but- 
tons on the computer console and printer 
to complete the computing job. Only afier 
the job is finished is control of the facility 
turned over to the next user. 

This mode of operation is the most 
inefficient and inflexible use of the com- 
puter. A long time may pass between the 
completion of one job and the beginr F 
the next, and the whole computer 
idle. Some parts of the computer may 
idle for long periods of time while ot 
are very active. For example, the pri 
may be idle during a long computation that 
keeps the CPU and storage units very 
busy. 

If the computer is to be used almost 
entirely as an instructional machine, how 
ever, this “hands-on” computing experi- 
ence does serve to remove some of the 
mystery of computing. Inefficiency is part 
of the cost of education. In engineering 
groups within even large companies, a 
small computer may be operated this way 
for the convenience of the individual engi 
neers and their computational needs. 

As more users and increasingly com- 
plex jobs begin to exert pressures on the 
computing facility, the need for better oper- 
ating procedures becomes apparent. The 
work load placed upon the computer de- 
mands that the machine be active at all 
times, that it not stand idle while one user is 
finishing a job and the next user is not yet 
quite ready to start. The printer should not 
stand idle while one user is doing a very 
long computation. To increase efficiency as 
well as flexibility, the operation of the com- 
puting facility is placed under the control 
of an operating procedure variously known 
as a monitor program, supervisory-control 
program, executive program, or operating 
system. In one way or another, these pro- 
grams regulate the operation of the com- 
puter. They schedule the succession of jobs 
on the computer, allocate the various units 
of the computer to different tasks, and keep 


track of the accounting for machine use. 
They vary in size and complexity and func- 
von, but basically they remove the user 
from direct operation of the computer. 

The simplest operating system is 
known as a batch processor. This is essen- 
tially an automated version of the manual 
operating procedure just outlined. The 
-omputer’s work load is still a sequence of 
jobs, each of which commands the full at- 
tention of the computer until it is com- 
ed. Although the individual jobs are not 
lated to each other, they form an appar- 
ently continuous stream of work by inter- 
acting with the batch-processor system, 
where the basic control now resides. 

In batch processing, a series of jobs, 
often a whole day's work, is prepared in 

ivance on some input medium. For exam- 
ole, with disks, the disks representing the 
\ifferent jobs to be done are accumulated. 
‘hey are submitted to the batch processor, 
which brings in one job at a time, as well as 
the job's program and its data. When the 
processing and the output are completed, 
the batch processor brings in the next job. 
This continues until all the jobs have been 
completed. 

The user no longer takes over control 
of the computer. The user merely submits a 
job to the computer center for processing, 
and then waits for the completed output. 
The expensive computing machine is kept 
busier doing useful work than in the hands- 
on environment. 

The computer systems, or hardware, 
and the operating systems, Or software, 
that are in everyday use are more complex 
than the simple computer just described. 
The basic principles, however, are the 
same. 


HARDWARE AND SOFTWARE 


The computer is a recent development 
in the long history of machines. Since the 
1940's, it has emerged from the university 
research laboratory to become the basis of 
a very large industry and to serve every 
imaginable business and scientific applica- 
tion. Internal computing speeds have been 
reduced from one second per calculation, in 
the early 1940s, to less than a microsecond 


in current models. Limited input and output 
facilities have been replaced with an almost 
endless variety of devices. The expensive 
core-storage units are augmented with 
magnetic disks of large capacity but slower 
access times. 

Magnetic tapes come in 800-meter 
reels that can pack data in densities of 625 
characters per centimeter and be read or 
written at rates of up to 180,000 characters 
per second. Bank checks are printed with 
magnetic-ink characters that can be read 
automatically by the computer. Other doc- 
uments are typed with a special character 
style that can be read by an optical-sensing 
device. In fact, the computer printer can 
print with these characters so that its out- 
put form can later be read as an input to the 
computer. Such forms are called turn- 
around documents and are in common use 
for bills from utility companies. 


INPUT-OUTPUT DEVICES 


The various kinds of keyboards can 
have their usefulness as input devices ex- 
tended by making them remotely con- 


This diagram shows the wide variety of input and 
output units that is available to computer users. 


A COMPLEX COMPUTER SYSTEM 
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© Woodfin Camp & Assoc. 
Computer-aided design (CAD) systems permit the 
designer to change a computer-generated image 
by drawing on the tube surface with a light pen. 


nected to the computer. Either over a spe- 
cial wire connection or an ordinary tele- 
phone circuit, via a special phone coupler 
(modem), they are “‘on-line”’ to the central 
computer many kilometers away. A person 
typing in New York City can readily com- 
municate with a computer in Los Angeles. 

Some of the keyboard devices are spe- 
cially designed for a particular application. 
Some are also combined with a cathode-ray 
tube, or CRT, display device much like a 
television set. Output from the computer is 
displayed on the CRT. CRTs are also 
equipped with “‘light pens” to become an 
input unit as well. By triggering the pen and 
pointing it at special places on the surface 
of the CRT, one initiates computer pro- 
cessing. The more extensive CRT devices 
will display graphs in three dimensions (as 
well as two) and in color, For input, one 
draws on the tube surface, 

The telephone itself, especially the 
Touch-Tone model, is being used as an I/O 
(input-output) device. The phone buttons 
transmit both numeric and alphabetic codes 
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to the computer. The central processor is 
equipped to answer the phone, as a switch- 
board does. Computer output is translated 
into signals that are then transmitted back 
to the instrument in voice form. Thus one 
can dial the computer directly, send mes- 
sages from the Touch-Tone panel, and re- 
ceive an audible voice output. 

Another output device is the plotter, 
which can make plots from computer-gen- 
erated data. These can be point plots or line 
plots of great complexity and a 
Some plotting designs are of inter: 
graphic art. 


COMPUTER GRAPHICS 


Architects and designers are now using 
computers for their graphics capal 

Computer-aided design (CAD) ar f 
puter-aided manufacture (CAM) are two of 
the tools available to computer users. Orig- 
inally, CAD/CAM systems were computer 
simulations of two-dimensional drafting 
boards. More advanced systems are now 
able to generate three-dimensional images 
complete with shading and perspective. 
Three-dimensional simulation, or solid 
modeling, is used extensively in the auto- 


motive industry to reduce the need to build 
expensive prototypes. The motion picture 
industry makes use of solid modeling in film 
animation. 


Solid modeling requires massive 
amounts of memory and can be done with 
only the largest computers. Software does 
most of the calculations, allowing CAD/ 
CAM specialists and animators to concen- 
trate on designing models. 

A computer can send pictures to a 
CRT using a raster display, scanning the 
screen like a normal television picture. The 
screen display is divided into graphic dots. 
The greater the number of dots, the greater 
the resolution, or detail. Advanced systems 
have multicolored dots of variable bright- 
ness, allowing the creation of shading ef- 
fects. Another system, called vector 
graphics, does not scan the screen contin- 
uously but uses the electron beam of the 
CRT to light up the objects to be drawn on 
the CRT screen. The rest of the screen re- 
mains blank. 


DISK STORAGE 


Expensive but fast core storage has 
been augmented by magnetic disk-storage 
units that have a larger capacity but slower 
access times for data. Disk-storage units 
permit large amounts of data and even com- 
puter programs to be stored at the central 
computer facility for access by the CPU. 
Some computer systems have as many as | 
billion bytes or characters of such storage. 

The disk-storage unit is a rotating 
metal platter, or disk, that is coated with 
iron oxide so that it can be magnetized with 
spots to represent the 0 and 1 bits of a byte. 
These disks are mounted on a shaft that 
rotates at 2,500 revolutions per minute. 
They are packaged with several disks on a 
single shaft, one above another. An arm 
that contains two read-write heads is posi- 
tioned to move in between two disk sur- 
faces. One head serves the lower surface of 
the upper disk, and the other serves the 
upper surface of the lower disk. A whole 
set of such arms moves together to provide 
access to all the surfaces at one time, by 
setting at the same concentric track of each 
surface and moving from one track to an- 
other. These multiple arms permit access 
on the order of milliseconds for transfer to 
the core memory for processing. 

Large disk files are used as perma- 
nent storage, at the computer center, for 
data for which almost immediate access 
may be needed, in contrast with tape files 
that are accessible only after the tapes have 
been mounted. Data from the disk files is 
also accessible without the need fo search 
sequentially through the file as with tape. 
The arms may be positioned at the proper 
track on which the data is recorded. For 
this reason, such disk-storage units are of- 
ten called direct-access storage units. 


OPERATING SYSTEMS 


The development of such advances in 
computer hardware has been paralleled by 
the development of suitable operating sys- 
tems (software) to manage them. Let's 
look, as an example, at an airline-reserva- 
tion system with which you have contact 
when you fly from one city to another. 


An airline may have hundreds, and 
perhaps even thousands, of remote key- 
board devices in its ticket offices. These 
keyboards are tied to a central computer 
facility through an extensive set of commu- 
nication lines. A request for space on a cer- 
tain flight is input directly to the central 
computer where data on all flights for sev- 
eral months in advance is stored on a large 
direct-access storage device. As a request 
is accepted from the ticket-sales agent, the 
CPU of the computer system processes the 
request against the flight information stored 
on the disk. The output, say a flight confir- 
mation, is then transmitted back to the 
agent. The customer may visit a ticket 
office or transact business over a telephone 
with the agent. Either way, the agent is in 
direct communication with the central 
computer to fulfill the ticketing procedure. 

One key to the development of such a 
reservation system is a communication 
network over which the thousands of termi- 
nals can transmit and receive data. A sec- 
ond key is the availability of large disk- 
storage units where data on all flights may 
be kept. This includes not only flight infor- 
mation but passenger information as well: 
things like the passenger's name, class of 
service, local telephone number, method of 
payment for the ticket, and so on. The third 
key is the operating system, the software, 
to make the computer system work. 

The operating system must respond to 
an agent's request for service. It may need 
to service several terminals simultaneously. 
It must decode the incoming message and 
direct the computer to start the processing 
of programs that will read the correct flight 
data from the disk, enter passenger infor- 
mation and store the updated flight infor- 
mation back on the disk, and then control 
the transmission of the passenger confir- 
mation back to the agent. The operating 
system is an elaborate control mechanism 
on this on-line reservation system. Its tasks 
are no longer so simple as controlling a 
batch of independent jobs. 

In a different context, we can imagine a 
manufacturing plant that has an inventory- 
control system that is similar to the airline- 
reservation system, except that parts and 
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products are now the data requirement, not 
seats and passengers. In addition to con- 
trolling inventory, the central computer 
also serves a group of engineers who have 
small computational jobs to be done. These 
engineers may use a remote terminal to 
submit their programs and data for process- 
ing. The administrative office of the plant 
uses the computer for personnel applica- 
tions, payroll processing, and financial 
forecasting. 

These applications represent a variety 
of types of service. The inventory control 
represents an on-line activity that needs 
immediate service for updating inventory 
files. Some engineers would like immediate 
access to the machine, also on-line, while 
others will submit jobs to be done overnight 
in preparation for the next day's work. That 
is a batch-processing mode. The payroll 
office writes checks once a week or once a 
month. It does not need on-line action with 
the computer but is content with a standard 
type of batch processing. 

The operating system must now con- 
trol these different levels of activity. Multi- 
programming is the name given to one kind 
of system. The key to the operation is the 
partitioning of core storage so that each 
user has a part of the core storage for his 
or her own use. The operating system 
keeps each user program operating concur- 
rently; that is, the computer is working on 
different jobs at the same time. A low- 
priority printing of payroll checks may go 
on continuously throughout the whole day, 
whereas engineering applications are shuf- 
fled in and out of storage as demand arises. 
A request for service from the inventory- 
control system takes priority over every- 
thing else, so that some other program may 
have to wait while the request is serviced. 
For example, the printer may stop writing 
checks for a few milliseconds while the 
spare-parts inventory file is examined. 


TIME-SHARING 
The current ultimate sophistication in 
the development of such computer-operat- 


ing systems is represented by time-sharing. 
A large number of users sit at their own 
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terminals (keyboard or display device) on- 
line to the central computer. Each is 
ing a problem. One may be writing 
gram; a second debugging a pro; a 
third sending data to a program; a fourth 
reading output; and so on. Each appears to 
have sole control of the computer as if cach 
were the only user, much like the small 
hands-on computer operation. Actually, 
however, each user is sharing the machine 
with as many as two or three hundred other 
users. 

The key to time-sharing is the fast pro- 
cessing capability of the machine rela 
to the speed with which people can use a 
terminal device. For example, while one 
user is spending five seconds inp: 
some data (try and see how much data 
can type in five seconds), the CPU 
modern computer can execute as many a 
| million computations, or as many a 
10,000 for each of 10 other users, and «till 
not delay the person who is keying in oilier 
data. When one user is finished, the CPU 
processes that data while someone else is 
poring over some output of just thinking 
about what to do next. 

In a time-sharing system, the user and 
the computer are interacting with each 
other in what some call a conversational 
mode. The user does something; the com- 
puter responds. The user does something 
else; and the computer responds again. 
This goes on in a sort of person-computer 
dialogue. Remote terminals in a time-shar- 
ing system may be many kilometers from 
the computer, anywhere that an ordinary 
telephone is available. With an acoustic 
coupler, a box that permits a typewriter or 
keyboard to interface with an ordinary tele- 
phone receiver, one may dial and commu- 
nicate with the system. In fact, one may 
buy such time-sharing service from any one 
of a number of computer firms, paying for 
the use of the machine as needed and the 
telephone costs. As an example, without 
€ven owning a machine, a small business 
could use a computer by contracting for 
time-sharing services. In fact, several busi- 
nesses could use one central computer for 
their own needs on such a basis. 
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For many people, games have served as an introduction to electronic computers. 


COMPUTER GAMES 


The first commercial video game was 
ig, a black-and-white simulation of a 
table tennis game. Its great success in 1972 
c ed a new industry and spurred rapid 
development of both computer hardware 
| software. The first hardware developed 
"dedicated'"' computers, capable only 
aying games. The home versions of the 
games were played by means of a controller 
Goystick or paddle) and plug-in modules or 
cartridges containing additional memory. 

Early games fell into basic categories: 
hit a moving object, shoot and dodge, run a 
maze, jump and climb. As games moved 
from the dedicated computer of the arcade 
and home video player to the personal com- 
puter, more thought-provoking games 
using more advanced software emerged, 
such as chess and adventure games. 

Many games require high-resolution 
graphics. Newer personal computers have 
à special chip just to control graphic dis- 
plays. Some of these chips allow variable 
brightness for each graphic dot in order to 
create shaded objects or "'sprites,"" which 
are movable images such as missiles or rac- 
ing cars. 

Some shoot-and-dodge games require 
the resolution and speed of a vector graphic 
System. Home systems cannot use vector 


graphics because it requires a specialized 
CRT. 

Future video games will have the 
memory and speed to provide more realis- 
tic three-dimensional effects as well as in- 
creased user interaction. Voice synthesis 
and multivoiced music will also be inte- 
grated into the game format. 


INFINITE NUMBER OF USES 


With the development of more ad- 
vanced computer hardware and software, 
the list of current computer applications 
has grown almost without limit. Computers 
now process voter ballots that are 
**marked"' in some machine-readable form, 
such as punching out a perforated hole in a 
card. Computers also process bank checks 
on which the account numbers are preprint- 
ed in magnetic characters for automatic 
input. Many in the banking community are 
even working toward a ‘‘checkless’’ soci- 
ety. When you buy something at a store, the 
purchase would be recorded and the data 
transmitted directly to the bank computer 
center that serves the store. A deposit 
would be made to the store's account in the 
amount of the purchase, because the funds 
would be withdrawn from your account at 
another bank through their computer sys- 
tem. Not only is money not involved, not 
even checks are involved. 
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Intel Corp. 


Politics is influenced by large files of 
data on voter characteristics, and the « 
position of voting districts. Basic dat e 
updated from public-opinion polls to p 
political leaders informed both about popu 
lation reactions to issues as well as 
paign strategies. 

Data on patients in a hospital can 
stored to provide faster patient histori 
doctors. Monitoring patients is also p 
ble by connecting measuring device: 
the patient to a computer so that dat 
immediately available to the doctor t 
prove his medical service. 

This list is indefinite, and in one s 
we are back at the beginning. The m 
tion behind the development of th 
tronic computer in the early 1940's w: 
need to compute the trajectories of 
for new weapons. Today the comp 
that grew out of the laboratory compute 
orbits of earth satellites and the fligh 
of probes that visit the planets. It may 
fair to say that such scientific adva: 
would not have been possible without 
modern electronic computer. 

Both good and evil are inherent i 
vast computer potential. Large sto 
units serving airlines and banks also permit 
the collection and centralized stora; 
data on people. In the United States, the 
social security number is becoming the key 
to identifying its citizens. Credit data bank 
as well as personnel, medical, and auto 
mobile-license data banks already exist 
Privacy and the theft and misuse of infor 
mation are becoming issues, and debates 
over the uses of data are now taking place 

For this reason alone, a basic under- 
standing of computers is necessary to an 
informed citizen. Only from such an under- 
standing will you be able to help maximize 
the benefits and minimize the harm from 
one of the most fascinating of all ma- 
chines—the electronic computer. 


Left top: several people using a UNIVAC 9070 com- 
puter. Left middle: technicians working out on a 
large blueprint the intricate design for a micropro- 
cessor chip. Microprocessors are tiny silicon chips 
containing the complex circuits of a microcompu- 
ter's central processing unit. Left bottom: workers 
using microscopes assemble the chips into pack- 
ages. 


California Computer Products, Inc 


Š 
Mathematically programmed art is an exciting creation of the computer age. The 
artist feeds equations and other information into a computer to produce a de- 
sign. This sand dollar design is reminiscent of a stained-glass window. 


COMPUTER PROGRAMMING 


by R. Clay Sprowls 


To many people, the electronic com- 
puter is a superhuman robot that can per- 
form lightning calculations, make split-sec- 
ond decisions, and land a probe gently on a 
distant planet. True, there are computers 
that can do several million additions in a 
second, make decisions, and guide a space 
vehicle to a soft landing. But the computer 
is not superhuman; nor is it a robot, for it 
can do none of these things by itself. 

Every computer now in existence must 
be told what to do: it must have a set of 
instructions. These instructions are called 
a program. The writing of these instruc- 
tions is called computer programming. 

A computer cannot "think" by itself. 
But it can perform processes that a human 
being can think up and program into it. 


A computer is capable of obeying only 
a limited number of instructions. With only 
this limited set of instructions, human 
beings must describe what are sometimes 
very complex processes. Such descriptions 
often tax your mental abilities to the fullest. 
This is part of the fun in learning computer 
programming. The fun actually comes from 
two sources. One is devising a process that 
you think is correct and that the computer 
should be able to follow. The other is test- 
ing to see whether the process is correct 
and whether the computer can follow it. 

The process that the computer is sup- 
posed to follow is described in a program- 
ming language. Four sample programs are 
shown in Table I. Each program shown 
performs a very simple task. Each reads 
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The plans for this string model of a mathematically 
generated surface were drawn up by a computer. 


two numbers, adds them together, and 
prints the total. The final program, in ma- 
chine language, consists of a set of binary 
numerals, 0 and 1, that the central process- 
ing unit of the computer can directly inter- 
pret and execute. The program is unintelli- 
gible to anyone who does not know how the 
computer represents data and instructions 
in the binary-numeral system. Contrasted 
with machine language, the BASIC pro- 
gram is almost self-explanatory. 

In Table I, you can select either of two 
languages—BASIC or FORTRAN-that 
you as a programmer will use. In this table, 
you are adding two numbers and printing 
the result. BASIC and FORTRAN are ex- 
amples of languages at the **user"' level. 

In some computers, the instructions 
contained in FORTRAN or BASIC must be 
brought down to a level closer to the com- 
puter. A language at this intermediate level 
is called an assembler language. 

Finally, the instructions must be coded 
in binary numerals—the language the com- 
puter understands. This sequence of binary 
numerals is called machine language. 

Each sample program in its own way 
directs the computer to follow a series of 
steps to accomplish the given task. The 
machine language is at the level of the com- 
puter itself. The others are further removed 
from that level and closer to a language that 
you can read and understand. In any of 
these and other programming languages, 
you can state precisely the process the 
computer is to use. 


COMPUTER PROGRAMMING 


MACHINE LANGUAGE 


Two devices that are important 1 
knowledge of programming are the c | 
processing unit, or CPU, and the st 
or memory, unit. 

The CPU is the device that ex: 
computer instructions and control 
overall operation of the compute: 
storage device is the place where dat 
instructions are kept for use by the ¢ 

In its simplest form, a compu 
struction that can be carried out | 
CPU consists of two parts. One part i 
operation code that gives orders. The 
ation code directs the CPU to establi 
necessary electronic connections to 
out the order. The other part is an ac 
of memory where the data that ar: 
acted upon are stored. The operation 
answers the question, **What shall ! 
The address part answers the quc 
“Where are the data?" Machine-lan 
instructions are coded in a form tha 


TABLE I 
This is 10 READ N, M 
BASIC 20 LET K = M + 
30 PRINT K 
40 DATA 3, 5 
This is READ (2, 10) N, M 


FORTRAN 10 FORMAT (14, 14) 
K=M+N 
PRINT (3, 11) K 
11 FORMAT (15) 


This is Assembly R N 
Language R M 
CLA N 

ADD M 

STO K 

PR K 


This is Machine 
Language 


1100000000000001 
1100000000000010 
1000000000000001 
1001000000000010 
111000000000001 1 
110100000000001 1 


been designed for a particular computer. 
Usually this is a binary form. 

For example, the machine-language 
gram shown has six instructions. Each 
ruction is a 6-digit binary numeral. 
Ihe CPU of the computer takes this 16- 
digit binary numeral and decodes it into two 
parts. The first four binary digits are the 
yperation code. The remaining 12 binary 
digits are the address of the data in storage. 
fo program the computer in machine lan- 
euage means that you must learn the binary 
notation for each operation code and also 
how to express storage addresses by binary 
numerals. There may be over 200 operation 
codes in a large computer. 

The program example can be decoded 
as in Table IIl. The accumulator that is 
nentioned ís simply a temporary storage. 
lhe first four binary digits of the instruction 
uniquely identify a very simple operation 
that the CPU can carry out, or execute. 
rhe remaining 12 digits are the binary ad- 
dress of the memory location where the 
data are to be stored or from which they are 
to be fetched. 

Each  machine-language instruction 
directs the computer to take only one very 
small action. This may be to fetch a number 
from the storage unit and place it in the ac- 
cumulator of the CPU, where it can be used 
in an arithmetic operation. It may be 
merely to store a number in memory, or to 
compare two numbers to determine if they 
are equal. The electronic computer gets its 
power and ability to solve complex prob- 


Computer versions of a brain X ray. Solid bars are 
colors chosen by a computer operator. 


lems from the very great speed with which 
it can execute these elemental operations. 

A complex process may need a million 
such small instruction steps in a program 
that the computer will follow. If each in- 
struction can be executed in one-millionth 
of a second (a microsecond), it will take only 
one second to complete the entire program. 
Computers are able to execute instructions 
in much less than one microsecond, so that 
very complex processes represented by 
many millions of instructions are executed 
in minutes. Small processes that need only 
a few hundred or a few thousand instruc- 
tions are executed in one millisecond (thou- 
sandth of a second) or less. 

Programming in machine language is a 
dying art because it is too intimately in- 
volved with the machine design and with 


TABLE II 


Operation Code 


Storage Location 


1100 read a value 000000000001 into location | 

1100 read a value 000000000010 into location 2 

1000 clear and add 000000000001 from location | into the 
a value accumulator in the CPU 

1001 add a value 0000000000 10 from location 2 to the 

accumulator 

1110 store the 00000000001 1 into location 3 
accumulator 
value 

1101 print the value 00000000001 1 stored in location 3 
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numeral systems that are not easy to han- 
dle. It is, however, the only form of pro- 
gram that the CPU can execute. A program 
written in any other form must be convert- 
ed into machine language if it is to be exe- 
cuted on a computer. 


ASSEMBLY LANGUAGE 


One step removed from the CPU is 
programming in symbolic form, or assem- 
bly language. In assembly language, an 
operation code is represented by a letter or 
a series of letters that relates to the opera- 
tion to be carried out. Thus, R may stand 
for READ; CLA for CLEAR AND ADD 
INTO THE ACCUMULATOR; STO for 
STORE THE CONTENTS OF THE 
ACCUMULATOR IN MEMORY; and 
PR for PRINT THE CONTENTS OF A 
MEMORY LOCATION. The storage 
locations of the data are also given letter 
symbols, such as N, M, and K. 

The sample assembly-language pro- 
gram in Table I follows the machine-lan- 
guage program in one-to-one order. One 
assembly-language instruction appears for 
each machine-language instruction. As a 
programmer, you are now concerned with 
symbolic operation codes and symbolic 
names for the storage locations, which you 
can devise to relate to the problem. 

The CPU does not and cannot execute 
symbolic programming instructions. The 
symbolic instructions must be translated or 
converted into machine language. This is 
done automatically by the computer, using 
à program called an assembler. The assem- 
bler program is in machine language. Such 
à program is supplied with each computer 
when it is purchased or leased. 

For many people who wish to solve 
problems on an electronic computer, as- 
sembly language is also too tedious and 
detailed. Much effort, therefore, has gone 
into devising higher-level languages that are 
further removed from the machine. 


HIGH-LEVEL LANGUAGES 
High-level programming languages en- 
able you to write your instructions more 


nearly as they would be written in the or- 
dinary context of the problem. Languages 


COMPUTER PROGRAMMING 


A computer "walk" around Cornell Univer 
New York. Above: Johnson Art Museum, in w 
"seen" before it was built. Right: as Uris Library 
draws near, the perspective changes. Actually. the 
tower was replaced years ago. 


for mathematicians permit the writing of 
formulas. Languages for business empha 
size file descriptions of business data an 
the kind of operations that will keep track 
of inventories or produce payrolls. Mar 
languages have been devised to program a 
computer. 

Each language is intended to make the 
work of programming easier. Per: 
computers usually have a BASIC lang: 
interpreter as standard equipment. BASI 
(for Beginners All-purpose Symbolic !n 
struction Code) was developed in 1965 at 
Dartmouth College. Unfortunately, graphic 
control and file-handling commands vary 
with each manufacturer, and the BASIC 
language is not standardized. It is easily 
learned, however, and advanced versions 
are very useful. 

LOGO is a language designed espe 
cially for children. It allows users to draw 
complex geometric shapes with very simple 
commands. It is an exploratory language 
with which programming and geometry are 
taught by trial-and-error interaction with 
the computer. 

Other popular programming languages 
include Pascal, named for the mathemati- 
cian Blaise Pascal, and Ada, named for 
Lady Ada Augusta Lovelace, also a math- 
ematician. FORTRAN (Formula Transla- 
tion) is widely used for scientific 
applications, and RPG (Report Program 
Generator) and COBOL (Common Busi- 
ness Oriented Language) are effective busi- 
ness languages. 

Each language has its own rules about 
naming variables and writing statements to 
read data, do arithmetic, and print answers. 
Learning to program in a language is simi- 


All photos, courtesy of Dr. Donald P. Greenberg, Director, Program of Com- 
puler Graphics, Cornell University in N.Y. 


lar to learning any language, except that the 
rules are sometimes stricter than for a nat- 
ural language like English. 

The various programming languages, 
programming systems, and programs that 
develop around computers are called soft- 
ware to distinguish them from the physical 
units of the computer, or the hardware. 


WHAT IS AN ALGORITHM? 


Programming in a computer language 
is neither the most interesting nor the most 
difficult part of dealing with an electronic 
computer. The hardest and most interesting 
job is defining the problem; that is, thinking 
up the process that the computer is to follow. 

The detailed steps that are to be fol- 
lowed are called an algorithm. It is the plan 


that you propose is correct for the problem 
and that the computer is to follow. Once the 
algorithm has been written down, translat- 
ing it into a programming language can ac- 
tually be given to someone who knows the 
language but who may have no knowledge 
of the problem. You may find, however, 
that programming your own problem is part 
of the fun. 

As an example, let's suppose that you 
have a homework problem in algebra that 
asks you to calculate one root of a quadrat- 
ic equation. Such equations are a regular 
part of the algebra courses given in school. 
Solving such an equation is something you 
might like to use the computer for, once 
you have learned how to program. We shall 
not worry about a programming language, 
other than to say that you must describe in 
detail the individual steps that are to be 
executed and the order in which these steps 
are to be executed. 

One root of a quadratic equation is 
expressed by 

B? — 4AC 

2A 

When you program the solution to this 
computation, you are simply devising a 
computational procedure, or algorithm, that 
will direct the computer. Think about how 
you would explain to someone completely 
unfamiliar with algebra, but knowledgeable 
about arithmetic, how he should proceed 
to solve this equation. You would give him 
step-by-step instructions. Your instruc- 
tions might go something like this: 

1. Read values for A, B, and C. 

2. Square the value of B and write it 
down. 

3. Multiply A by 4 and write it down. 

4. Multiply 4A (step 3) by C and re- 
cord it. 

5. Subtract 4AC (step 4) from B- 
squared (step 2). 

6. Take the square root of the differ- 
ence B? — 4AC. 

7. Add —B to the square root, and 
keep it. 

8. Multiply A by 2, and keep it. 

9. Divide the result of step 7 by 2A 
(step 8). 


-B + 
root = 
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10. Write down the result of step 9 as 
the root. 

This step-by-step procedure will lead 
to the computation of the root value. It is 
broken down into small and elemental steps 
of the kind that the computer can follow. 

There may be one weak spot in this 
procedure. How do you take the square 
root in step 6? Do you look it up in a table? 
Do you get out a slide rule to compute it? 
Do you go to another book and learn how 
to compute a square root longhand? This 
step may need to be broken down into more 
detail. 

In machine language or assembly lan- 
guage, individual instructions would be 
written for each of the small steps outlined, 
plus any additional steps to compute the 
square root. The whole program at this lev- 
el might take as many as 50 to 75 instruc- 
tions. In a high-level language, however, 
such as BASIC, only three statements are 
needed. 


A BASIC PROGRAM FOR OUR PROBLEM 


Three BASIC statements accomplish 
the square-root part of the computation: 
one to read the data values, one to compute 
the root, and one to print the answers. An 
additional explanation of how to take a 
square root is not required, because all pro- 
gramming languages that are defined to 
solve mathematics problems have basic 
functions built into them. To compute a 
Square root, you write down an approved 
name such as SQR, and the computer will 
automatically carry out the steps necessary 


In this frame from a TV computer animation ofa 
tennis scene, the image has been transformed into 
an almost abstract color display. 


Dolphin Productions 


to compute the square root. This is be: 
SQR is the name of a prepared set oí 
chine-language instructions. 
The standard programming sym! 
for arithmetic are: 
*- for addition 
— for subtraction 
* for multiplication 
/ for division 
** for exponentiation; that is, ra 
to a power 
( parentheses for preferential opi 
tions, much as in algebra 


A BASIC program for the root of 
quadratic equation is; 

10 READ A, B, C 

20 LET ROOT = (- B + SQR (I 

=4*A*C))/(2* A) 

30 PRINT ROOT 

40 DATA 1, —4, 2 
Line numbers indicate separate li 
READ is the statement for reading 
ables from the DATA line. In this exam 
A = 1,B = -4,C = 2. PRINT print 
the answer. ROOT is the variable in v 
the answer is stored. In this prob 
ROOT - 3.414. 

The complete program reads values fo: 
the variables, computes the root, and prin 
the root value. BASIC is not directly « 
cutable by the CPU, but is converted into 
machine-language instructions by a pro 
gram called a compiler. The compiler pro 
gram takes a single statement like that for 
ROOT and compiles it into many machine 
language instructions. Writing in BASIC is 
far removed from the characteristics of the 
computer and more nearly like the language 
of the problem field—in this case, algebra. 


DEBUGGING YOUR PROGRAM 


Even after you have learned a pro- 
gramming language, you will make mis- 
takes in writing a program. Such mistakes, 
or errors, are called *'bugs." Locating and 
correcting the “bugs” is called ‘‘debug- 
ging.” During the compiling of the program 
by the computer, the compiler has some 
ability to detect errors and to print out help- 
ful hints about these errors in the form of 
messages called “diagnostics.” 


For example, you may carelessly write 
the statement to compute ROOT as fol- 
lows: 

20 LET ROOT = (—B + SQR (B**2 

=A MAME) (O9 A) 
A diagnostic message will indicate a syntax 
error. The function SQR has its argument 
enclosed in parentheses as 

SQR (B**2 — 4* A*C) 
and this leaves the left parenthesis in front 
of — B without a corresponding right paren- 
thesis, an error that the compiler can and 
will detect. 

You can make more-subtle errors. For 
example, you may write the statement as 

20 LET ROOT = (—B + SQR 

(B'*2—4*A*0)/2*A 

The compiler will accept this as a correctly 
written statement, and the computer will 
execute it the way it is written. However, 
you will get the wrong answer. Now the 
computer does not give any hints about 
why the answer is wrong. Debugging be- 
comes more difficult. 

Remember that the computer will fol- 
low the directions implied in the way the 
equation is written. It will compute the 
numerator of the equation correctly. It will 
then divide the numerator by 2 and then 
multiply this quotient by A. As it is written, 
the programming statement accomplishes 


the following: 
- V Ate 

ROOT = HE oa, A 

The reason is simply that the product 2 
* A is not enclosed in parentheses. Doing 
so indicates that the numerator is to be di- 
vided by the product. The product is the 
denominator of the equation. Unless you 
enclose 2 * A in parentheses, you have not 
properly written the direction to the com- 
puter. The computer will process what you 
have thought up and programmed into it. 
What you have thought up in this instance 
is well enough understood in algebra but 
not in computing. 

You may make another kind of error. 
Suppose that the values of A, B, and C are 
respectively 

A=3B=5C=3; 
for the BASIC program. The computer 


will, in many instances, print an error mes- 
sage when it tries to compute the square 
root, because the value of the radical B? — 
4AC is — 11; that is, it is a negative number. 
But there is no square root of a negative 
number among the real numbers. 

As a programmer, you must take ac- 
count of a possible negative value. You 
must direct the computer to compute the 
value as a separate quantity and then test to 
see if it is negative before going ahead with 
the calculation of the square root. The bur- 
den of doing this is on the programmer. As 
a matter of fact, your directions to compute 
the root back in the earlier section on algo- 
rithms should have included a statement 
about what to do when a negative value is 
computed, but they did not. 

A FORTRAN program would be de- 
veloped along similar but not identical 
lines. Now let us turn to a different problem 
to illustrate a trickier algorithm develop- 
ment. 


ALGORITHM FOR THE FIBONACCI SERIES 


An interesting series of numbers that 
appears in many algebra books as well as in 
introductory computer-science books is the 
Fibonacci sequence: 

05,1,1,2,3, 3: 8, 13,21, 3... 

In this sequence of numbers, the first two 
terms are given as 0 and 1. Then each term 
is constructed from the sum of the preced- 
ing two numbers. 

You can keep on generating this series 
for as long as you like from the verbal ex- 
planation just given. To write a computer 
algorithm for this process, you must be 
much more explicit. A computational algo- 
rithm can be expressed by means of a flow 
chart, which is a graphic device for present- 
ing the step-by-step procedure that is to be 
followed by the computer. 

In computing the terms of this series, 
you quickly become aware of the fact that 
only two terms are used to generate the 
next term. Those are the “‘last term" and 
the “next to last term.” After each term has 
been calculated, the “last term" becomes 
the “next to last term," and the sum be- 
comes the *'last term.” This is easily seen 
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by moving a finger across the row of terms 
as the series is developed. This is also the 
tricky part of stating the computational al- 
gorithm. 

We shall adopt the following notation, 
or symbols, for the terms: 

N for the “next to last term" 

L for the “last term" 

S for the sum 
A verbal flow chart is shown. The arrows 
indicate the direction that the steps take. 
The arrow that returns to the box with 
“Find S” forms a loop in the program. 

After each computation of the S, the 
previous last term L becomes the value of 
the next to last term N. The sum S then 
becomes the value of the last term L. Then 
the whole process starts over again with 
these new values for N and L. A new S is 
computed. The same set of instructions is 
repeated over and over again in a loop. 

The flow chart raises a question: How 
or when does the process stop? It can go 
on forever. The computer must be told to 
stop, and this is up to the programmer. You 
can stop after computing a certain number 
of terms in the series. Or you can stop 


This flow chart, de- 
Scribed in the text, 
could go on forever. 
The computer pro- 
grammer must tell the 
computer when to 
stop. 
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when the new term reaches a certain value 
Some means or rule is needed to stop the 
looping computation. 

Flow charts for computer program- 
ming are more formalized than the verbal 
one just shown. The shapes of the boxe: 
themselves convey a meaning about the 
operation they contain. A small arrow indi 
cates that a value is to be assigned to anoth 
er; for example, 

N<0 
means to assign the value 0 to N. A dia 
mond-shape box indicates the test of a con 
dition. A rectangle with a curved botiom 
designates a printed output. 

We show, on the opposite page, two 
flow charts for the Fibonacci series. The 
first one calls for a printout of each term 
until the term exceeds a value of 2,000. The 
second results in a printout only if the last 
term is 2,000 or less. Each is a valid compu 
tational algorithm for the series. 

A computer program may be written 
directly from the flow chart in any one of 
several computer languages. The process 
the computer is to follow is completely ex 
pressed in the algorithm. The program is 
merely a translation of the algorithm into 
some language that may ultimately become 
executable by the computer. 


MANY PROGRAMMING ACTIVITIES 


Within the programmer part of com- 
puting—the software as opposed to the 
hardware—various levels of activity have 
emerged. At the lowest level is a coder who 
is well versed in a programming language, 
and who takes the algorithms that have 
been designed by someone else and con- 
verts them into a computer program. 
Higher up on the activity scale are those 
who work at the algorithm level. They are 
concerned with how to organize the solu- 
tion. They may also do some coding, but 
this is not a requirement. Highest up are 
those who decide what problems to solve. 
For this type of work, you need some 
knowledge and competency in program- 
ming arts. More important is education to 
help you to recognize what problems need 
solution and to understand how the com- 
puter can play its role in the solution. 


More and more high schools and col- 
leges are offering instruction in computer 
science that includes programming. Many 
books are available on programming, in- 
cluding instructional materials. Courses 
have even been developed that use the 
computer to teach programming. This field 
is sometimes called CAI for Computer- 
Assisted Instruction. Lessons are pre- 
sented on a computer terminal, which may 
be as simple as a typewriter or as complex 
às a learning station with a typewriter, TV 
Screen, slide projector, and tape recorder. 
Responses to the materials that are pre- 
sented are in a dialogue with the computer; 
that is, with a computer program. Answers 
are evaluated as correct or incorrect. Di- 
rections may be given to reread a previous 
section or to stop and think before answer- 
ing the same question again. This depends 
Upon the instructional strategy that is pro- 
grammed into the computer. 


TIME-SHARING 


Programming languages suitable to 
terminal operation and teaching are orga- 


Flow charts for the Fibonacci series of numbers. Left: this chart calls for a 
printout of each term until the term is more than 2,000. Right: this chart 
results in a printout only if the last term is 2000 or less. 


nized differently from those for which a 
program is submitted in its entirety. The 
name of this mode of computer-system 
operation is time-sharing. A number of 
users, each at his own terminal, are using a 
central computer simultaneously. Interac- 
tive languages are used in time-sharing sys- 
tems. These may be an interactive FOR- 
TRAN or BASIC. 

The essential quality of the interactive 
language is that as soon as a statement is 
entered into the computer for use in a pro- 
gram, that statement is evaluated for errors. 
Error messages appear immediately. The 
statement may be corrected before going 
on to the next statement in the program. 


PROGRAMMING IS NECESSARY 


Programming is necessary to computer 
work because the computer will carry out 
only a process that has been expressed in 
programming-language form. The com- 
puter will stand idle until programmed to 
do something. Only then can the computer 
do lightning calculations, make split-sec- 
ond decisions, and land a probe on Venus. 
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Moore, Patrick. Concise Atlas of the Universe. New York 
Rand McNally, 1974; 192 pp.—Good diagrams and star 
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THE SOLAR SYSTEM 


Asimov, Isaac. The Solar System. Chicago: Follett, 1975 
32 pp.. illus.—The basic facts about the solar system. for 
grades 3-6. 


Branley, Franklyn M. Comets, Meteoroids, and Asteroids 
Mavericks of the Solar System. New York: Crowell, 1974 
ius. —Simple and well-illustrated account, including a dis- 
cussion of tektites, interplanetary dust, the solar wind. and 
cosmic rays. 
——. Eclipse: Darkness in New York: Crowell 
1973; 33 pp., illus.—A well-illustrated account for the young 


= The End of the World. New York: Crowell, 1974, 40 
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Sun. Garden City, N.Y.: Anchor/Doubleday, 1975. 84 pp. 
ius. —A panel illustration format is used to explain the na- 
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Knight, David C. Comets. New York: Franklin Watts, 1968: 
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Moore, Patrick. Guide to Mars, New York: Norton, 1978; 
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Nourse, Alan E. The Asteroids. New York: Franklin Watts, 
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trated 


Short, Nicholas M. Planetary Geology. Englewood Cliffs, 
N.J.: Prentice-Hall, 1975; 361 pp., illus.—A well-illustrated 
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ness: The Planet Pluto. Harrisburg, Pa.: Stackpole Books, 
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Washburn, Mark. Distant Encounters. New York: Harcourt 
Brace Jovanovich, 1983; 272 pp., illus.—The Voyager mis- 
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Zim, Herbert S. The Sun. New York: Morrow, rev. ed., 1975; 
64 pp.. illus.—Basic information on the sun and how it is 
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Asimov, Isaac. To the Ends of the Universe, New York: 
Walker, rev. od., 1976; 142 pp., illus. —Asimov discusses gal- 
axios, nebulas, kinds of stars, and radio sources. 


Bok, Bart J., and Priscilla E. Bok. The Milky Way. Cambridge, 
Mass.: Harvard University Press, 4th ed., 1974; illus.—The 
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Clotfelder, Bery! E. The Universe and lts Structure. New 
York: McGraw-Hill, 1976; 437 pp., illus.—A good text for 
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Davies, Paul. The Edge of Infinity. New York: Simon & 
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Kippenhahn, Rudolf. 100 Billion Suns. New York: Basic 
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Levitt, Ira M. Beyond the Known Universe: From Dwarf Stars 
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Moore, Patrick, and lain Nicolson, Black Holes in Space. 
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Valens, Evan G., The Attractive Universe: Gravity and the 
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Stephen Greene Press, 1975; illus.—The principle of sun- 
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Elton, L R. B., and H. Mossol. Time and Man, Elmsford, N.Y.: 

, 1979; 114 pp., illus.—Absorbing explanation of 
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Krupp, E. C. Echoes of the Ancient Skies. New York: Harper 
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SPACE EXPLORATION 


Armstrong, Neil, et. al. First on the Moon: The Astronauts’ 
Own Story. Boston: Little, Brown, 1970; 434 pp.. illus.— The 
story of the first manned landing on the moon, by the astro- 
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Bova, Ben. Workshops in Space. New York: Dutton, 1974; 67 
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Cortright, "worm ed. Apollo Expeditions to the Moon. 
Washington, D.C.: NASA, 1975; 324 pp., illus.— Eighteen 
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Groy, Jerry. Beachheads in Space, New York: Macmillan, 
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=, Enterprise. New York: Morrow, 1979; 288 pp., illus.— 
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verse. New York: Delacorte, 1981; 290 pp., illus. —Easy-to- 
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Hutton, Richard. The Cosmic Chase. New York: NAL/Mentor, 
1981; 205 pp.— Eany-to-read overview of the space race. 


Kohn. Bernice. Communications Satellites: Message Con- 
ters in Space. Now York: Four Winds, 1975; 58 pp.. illus.— 
Concise history; for junior high readers on up. 


Lewis, Richard S. The Voyage of Apollo: The Exploration of 
the Moon. New York: Quadrangle, 1974; 308 pp., illus.— 
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Powers, Robert M. Shuttle: The World's First Spaceship. 
Harrisburg, Pa: Stackpole Books, 1979; 256 pp., illus.— 
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Stoiko, Michael. Pioneers of Rocketry. New York: Hawthorn, 
1974; 129 pp.. illus. — Review of rocketry from earliest times. 


Von Braun, Wernher, and Frederick |. Ordway IIl. History of 
Rocketry and Space Travel. New York: Crowell, 3d rev. ed., 
1975; 308 pp.. illus.—The classic history in this field; for 
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Extraterrestrial Life. New York: McGraw-Hill, 1975; 119 pp., 
illus.—Compact review of arguments for and against the 
possibility of interstellar communications. 


Knight, David C. Those Mysterious UFOs: The Story of Un- 
identified Flying Objects. New York: Parents Magazine 
Press, 1975; 64 pp., illus.—For elementary students, a his- 
tory of UFO reports and investigations. 


Krupp, E. C., ed. In Search of Ancient Astronauts. New York: 
Doubleday, 1978; 300 pp.—The study of “archaeo-astron- 
omy," or how ancient civilizations viewed the heavens. 


Ridpath, lan, Messages from the Stars: Communication and 
Contact with Extraterrestrial Life. New York: Harper & Row, 
1978; 241 pp., illus —The scientific background of the idea 
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gence. Cambridge, Mass.: MIT Press, 1975; 428 pp., illus.— 
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N.J.: Hayden, 1978; 176 pp., illus. —A guide to the lay person 
through the maze of available computer wares. 
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Processing. New York: Mason/Charter, 1975; 239 pp., illus. 
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Star City, W.Va.: Electret Scientific, 1975; 189 pp., illus.— 
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Leventhal, Lance A., and Irvin Stafford, Why Do You Need a 
Personal Computer? New York: John Wiley, 1980; 268 pp., 
illus.—Clearly-written, exhaustive treatment of all aspects of 
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Sinclair, |. R. Inside Your Computer. St. Louis: Warren H. 
Green, 1983; 108 pp., illus. —Lucid explanations for the nov- 
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Circuitry. 


Spencer, Donald D. Computer Dictionary for Everyone. New 
York: Scribners, 1980; 191 pp.—Glossary of thousands of 
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Willis, Jerry. Nailing Jelly to a Tree. Portland, Oreg.: dilithium 
Press, 1981; 275 pp.—Clear, logical instructions for those 
wanting to learn to program their own computers; emphasis 
on BASIC. 


; with Debra Smithy and Brian Hyndman. Pea. 
ter and Jelly Guide to Computers. Portland, Oreg.: d 
Press, 1978; 207 pp., illus.—Good introduction to persc 
computers for a wide range of readers. 


MATHEMATICS 


Bruno, Marilyn. The | Hate Mathematics! Book. Boston: Lit 
tle, Brown, 1975; 127 pp., illus.—An informal presentation of 
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a wide range of mathematical ideas; for elementary stu 
on up. 


Davis, Philip J., and Reuben Hersh. The Mathematical 
rience, Cambridge, Mass.: Birkhauser Boston, 1981 
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Gowar, Norman. An Invitation to Mathematics. New York 
Oxford University Press, 1980; 206 pp.— Makes mathematics 
understandable to nonmathematicians. 


Hahn, James, and Lynn Hahn. The Metric System. New York 
Franklin Watts, 1975; 63 pp.— Basic introduction; for junior 
high readers. 


Hofstadter, Douglas R. Gódel, Escher, Bach: An Eternal 
Golden Braid. New York: Basic Books, 1979; 777 pp.. illus. 
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Jacobs, Harold R. Geometry. San Francisco: W. H. Freeman, 
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high students. 


Leonard, J. M. Understanding Statistics. London: English 
Universities Press, 1974; 216 pp., illus.—A well-written intro- 
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Loomis, Lynn. Introduction to Calculus. Reading, Mass.: Ad- 
dison-Wesley, 1975; 772 pp., illus.—An intuitive approach 
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Madison, Arnold, and David L. Drotar. Pocket Calculators: 
How to Use and Enjoy Them. New York: Thomas Nelson, 
1978; 144 pp.—Tips on selecting calculators, their history, 
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Morrison, Philip, and Phylis Morrison. Powers of Ten. San 
Francisco: W. H. Freeman, 1983: 164 pp., illus.—An adven- 
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Wells, David. Can You Solve These? Englewood Cliffs, N.J.: 
Prentice-Hall, 1983; 77 pp., illus.—Problems to test your 
thinking, with hints and answers. 
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